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Autism spectrum disorders (ASD) display significant heterogeneity. Although most neu-
roimaging studies in ASD have been designed to identify commonalities among affected
individuals, rather than differences, some studies have explored variation within ASD.There
have been two general types of approaches used for this in the neuroimaging literature
to date: comparison of subgroups within ASD, and analyses using dimensional measures
to link clinical variation to brain differences. This review focuses on structural and func-
tional magnetic resonance imaging studies that have used these approaches to begin to
explore heterogeneity between individuals with ASD. Although this type of data is yet
sparse, recognition is growing of the limitations of behaviorally defined categorical diag-
noses for understanding neurobiology. Study designs that are more informative regarding
the sources of heterogeneity in ASD have the potential to improve our understanding of
the neurobiological processes underlying ASD.
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INTRODUCTION
The Autism Spectrum Disorders (ASD) are a group of lifelong
neurodevelopmental syndromes which manifest in early child-
hood, defined by the presence of difficulties with social inter-
actions and communication together with restricted, repetitive
patterns of interests or behaviors (American Psychiatric Associ-
ation, 2013). The variety of clinical presentations considered to
fall within autism has gradually increased over the past 60 years.
Leo Kanner first used the diagnosis in 1943 to describe a rela-
tively homogenous group of individuals with deficits in all three
domains but intact intellectual capacity (Kanner, 1968). Work by
Lorna Wing and others then went on to place Kanner’s subgroup
within a broader spectrum that shared some level of deficit in these
core domains but was otherwise highly heterogeneous, including
allowing a wider spread of cognitive function (Wing, 1981).
In the previous version of the Diagnostic and Statistical Manual
IV (American Psychiatric Association, 2000), this heterogeneity
was captured primarily through the different categorical diag-
noses within the Pervasive Developmental Disorders (PDD). The
PDD category included Autism, Asperger’s Syndrome, and Perva-
sive Developmental Disorder not otherwise specified (PDD-NOS),
as well as two regressive neurodevelopmental disorders of early
childhood frequently associated with autistic symptoms, Rett’s
syndrome and Childhood Disintegrative Disorder. As research
progressed, the clinical and neurobiological validity of the categor-
ical distinctions between Autism, Asperger’s Syndrome, and PDD-
NOS appeared increasingly doubtful, until they were dropped
altogether in the recently released DSM-5 (American Psychiatric
Association, 2013). Instead, a broader ASD diagnosis with dimen-
sional specifiers of severity has been adopted, and a new diagnosis
of Social Communication Disorder added for those individuals
with problems in social communication but without the symp-
toms in the domain of restrictive and repetitive behaviors (RRIB)
required for an ASD diagnosis.
An explicit goal of the recent reformulation of the diagnostic
criteria for ASD was to refocus attention on the aspects of hetero-
geneity within ASD that were likely to be more meaningful than
the previous categorical divisions, both clinically and in relation
to underlying pathophysiology. This shift in conceptualization of
ASD has occurred within a larger context of increasing dissatisfac-
tion with existing diagnostic categories for a variety of psychiatric
syndromes, particularly when seeking to link clinical symptoms
to specific neurobiological processes (Insel et al., 2010; Lord and
Jones, 2012; Uher and Rutter, 2012).
Heterogeneity of clinical presentation among individuals who
meet criteria for a specific diagnosis is a particular impediment.
One contributor to this heterogeneity is the checklist approach
currently used to assign categorical diagnoses. While allowing a
good level of reliability between diagnosticians, it has the unfortu-
nate effect of allowing different individuals to meet the threshold
for a particular syndrome without necessarily sharing many spe-
cific clinical features. A second contributor to heterogeneity of
clinical presentations within a particular syndrome such as ASD
is the extensive comorbidity between psychiatric diagnoses (Mat-
son and Williams, 2013). It has been estimated that between 14
and 78% of children with ASD also meet criteria for Attention
Deficit and Hyperactivity Disorder (ADHD) (Gadow et al., 2005;
Gargaro et al., 2011), up to 42% for anxiety disorders (Simonoff
et al., 2008; Matson and Williams, 2013), and between 25 and 70%
have some level of intellectual disability (ID) (Fombonne, 2009).
There are a wide variety of other symptoms not considered as
“core” but which are nevertheless prominent in sizeable fractions
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of individuals with ASD, such as poor attention, seizure disorders,
poor sleep, and gastro-intestinal dysfunction (Silver and Rapin,
2012). How these symptoms relate to the pathophysiology of ASD
is not clear, but their frequency is suggestive that they may repre-
sent at least in part pleiotropic expressions of common processes
(Brock, 2011; Rommelse et al., 2011).
In addition to the clinical heterogeneity within ASD, it is
associated with a wide variety of different risk factors, implying
the potential for many different pathways to generate symptoms
(Geschwind, 2009; Herbert, 2010). ASD has been associated with
over 100 different genes affecting different aspects of neural devel-
opment and function (Betancur, 2011), as well as a wide variety of
environmental factors (Herbert, 2010). Attempting to understand
the links of specific risk factors to autism is further complicated
by the different ways risk factors can relate to clinical phenomena,
described as equifinality and multifinality (Cicchetti and Rogosch,
1996). Equifinality refers to the observation that a single clini-
cal syndrome may be associated with many different risk factors.
Multifinality describes the converse situation, where a single risk
factor can be associated with different clinical outcomes. Exam-
ples pertinent to ASD include Fragile X, where up to 45% of
affected individuals have been estimated meet criteria for ASD
(but 55% do not) (Gallagher and Hallahan, 2012), and 22q11.2d
syndrome, which appears to increase risk for ASD in some individ-
uals (Antshel et al., 2007), and schizophrenia in others (Murphy
et al., 1999). Research on genetic risk factors for ASD in general has
been notable for the lack of specificity to ASD (Betancur, 2011).
Risk-genes instead appear to confer vulnerability for a variety of
neurodevelopmental disorders (Sahoo et al., 2011; Rapoport et al.,
2012), suggesting that understanding the role of genetic risk fac-
tors for ASD will require identifying the factors that direct an
individual with a risk-gene down the path to one neurodevelop-
mental disorder versus another as much as identifying the genes
themselves (Moreno-De-Luca et al., 2013).
Investigators have taken different approaches to the clinical
and neurobiological heterogeneity of ASD. Geschwind and Levitt
(2007) drew attention to the variety of associated genetic syn-
dromes, endorsing the view that the field should be considering a
multiplicity of “autisms” rather than a single condition. They went
on to hypothesize that what these “autisms” shared was a common
abnormality in brain connectivity that occurred early in devel-
opment and most strongly affected the links between frontal and
temporal/parietal cortices. A large body of work has accrued using
multiple neuroimaging techniques across a variety of presenta-
tions and ages that has shown impaired functional and structural
connectivity between brain regions (Amaral et al., 2008; Horder
and Murphy, 2012; Just et al., 2012; Travers et al., 2012).
However, limitations to this formulation have also been recog-
nized (Vissers et al., 2012). While the evidence of abnormalities in
connectivity are convincing, it does not in itself explain either how
the observed abnormalities in connectivity explain the heterogene-
ity of specific presentations, or how they differentiate autism from
a variety of other disorders characterized by poor connectivity
between similar brain regions, such as ADHD and schizophre-
nia. Pelphrey et al. (2011) proposed an alternative approach, in
which heterogeneity was constrained by narrowing attention to the
deficits in social communication felt to be the heart of ASD, and
focusing on early failures of the neural systems relevant to these.
While acknowledging that disruptions in these systems could arise
from many different sources, congruent with the observations of
multiple risk factors, they argued that what was relevant to ASD
was the convergence of these factors on the development of specific
aspects of the social brain network, such as the posterior superior
temporal sulcus (Pinkham et al., 2008; Kaiser et al., 2010).
Concerns have been raised that this approach focuses too
closely on the social communication aspect of ASD, and thus not
only does not address the range of clinically relevant symptoms,
but also stands to lose information potentially crucial for deter-
mining what types of pathophysiology are relevant to a particular
individual. Brock (2011) have argued that a better method is to
consider the heterogeneity along with the findings: for example,
rather than just determining whether the amygdala is hyper- or
hypo-activated, one should characterize what differentiates those
with hyperactivity from those with hypoactivity.
This leads to the strategy of tackling heterogeneity by iden-
tifying more homogeneous subgroups, with the hypothesis that
this will decrease noise due to variation and facilitate detection
of meaningful group differences or brain-behavior relationships
(Volkmar et al., 2009). Comparing putative subgroups against each
other can also test whether a particular feature distinguishing the
subgroups is related to brain differences, or conversely, if there is
something that appears consistently found in individuals meet-
ing diagnostic criteria despite other heterogeneous aspects of the
presentation. The subgroups explored the most to date are the
different disorders within the PDD category in DSM-IV (Ameri-
can Psychiatric Association, 2000), but other ways of dividing ASD
have also been used, including divisions based on clinical features
such as regression or level of ID, or subgroups defined by presence
of a specific risk factor such as gender or a known genetic disorder.
Heterogeneity can also be addressed by using a dimensional
approach to relate variation in neuroimaging measures to some
other aspect of the presentation (Constantino, 2011; Lord and
Jones, 2012; Uher and Rutter, 2012). Being able to determine
whether some aspect of the brain is predictive of a clinical symp-
tom can both support the relevance of the imaging data, and
perhaps, depending on how much is known about the function of
those brain regions, inform the larger questions as to what neural
processes are responsible for the clinical presentation.
We first briefly discuss which findings appear to be the most
consistent in neuroimaging studies of ASD. The second section
will review studies that have looked at subgroups within ASD, and
the third section work that has instead focused on dimensional
approach, both of the features considered as core symptoms of
ASD and of common co-occurring conditions.
WHAT IS COMMONWITHIN NEUROIMAGING FINDINGS IN
ASD?
Most imaging studies of ASD done to date have been done tak-
ing the categorical diagnosis as their framework, asking the basic
question of whether there are one or more brain differences corre-
sponding to the clinical syndrome that can be recognized despite
the various sources of heterogeneity. As is the case for other psy-
chiatric disorders, clinical MRIs of individuals with autism do
not typically show gross lesions or other abnormalities that can
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be used to distinguish affected individuals. Instead, alterations in
brain structure or function are most easily detectable as differ-
ences between groups, and, given the variability of the syndrome,
preferably using large samples.
Meta-analysis provides one method of combining data to create
larger databases in which to search for patterns. A meta-analysis by
Stanfield et al. (2008) included 43 structural neuroimaging studies
comprised of data from over 800 subjects between 3 and 30 years of
age with ASD and similar number of matched controls. Although
there was considerable heterogeneity of results across the stud-
ies they included, significant findings on meta-analysis included
enlarged total brain volume, hemispheres, cerebellum, and caudate
in ASD, and decreased volumes in other brain regions including
midbrain regions, regions of the cerebellar vermis, and area of the
corpus callosum. Gray and white matter (WM) volumes were not
reported separately in this meta-analysis.
Another recent meta-analysis of differences in brain morphom-
etry in ASD limited its scope to fully automated voxel-based mor-
phometry (VBM) studies of gray matter volumes (Via et al., 2011).
Twenty studies met inclusion criteria, including 496 adolescents
or adults with ASD (a combination of Autism and Asperger’s Syn-
drome) and 471 controls. Of the 17 studies that reported IQ, only
one included subjects whose mean IQ was less than 70. This meta-
analysis found no differences in global gray matter volume between
ASD and controls; regional differences consisted of smaller gray
matter volume in the ASD group in the amygdala-hippocampus
complex and medial parietal regions. A linked meta-analysis by
the same group of WM differences measured with VBM identified
13 eligible studies, including 246 patients with ASD, and 237 con-
trols; while global WM volumes were not different, they did find
evidence of increased volumes in regions relevant to language and
social cognition (Radua et al., 2011).
Meta-analyses of functional magnetic resonance imaging
(fMRI) studies have additional challenges due to the even greater
variety of possible tasks and conditions to be compared. Philip
et al. (2012) examined available fMRI studies in ASD across six
different functional domains: visual processing, executive func-
tion and language tasks, basic social processing, and more complex
challenges of social cognition. They performed their meta-analysis
using the activation likelihood estimation (ALE) method, in which
data regarding loci of activations are spatially normalized and then
the overlap calculated across different experiments (Eickhoff et al.,
2009). Ninety papers met inclusion criteria, with an average sam-
ple size of ASD participants of 12. Although the wide variety of
tasks used made comparison challenging, there were regions of
activation that were significantly different between the ASD sub-
jects and controls in each of the functional domains examined.
Notable findings included a tendency for decreased activation in
ASD across several prefrontal and subcortical brain regions dur-
ing tasks tapping executive function. Activation patterns in the
superior temporal gyri were significantly different between ASD
and controls across several domains, although the direction varied:
ASD had decreased activation during tasks related to auditory and
language processing, but increased during tasks of simple social
processing, and mixed findings as demands became more com-
plex. The authors also provided a qualitative review of available
studies of functional connectivity that could not be included in an
ALE analysis, finding multiple observations of decreased connec-
tivity between areas of the cortex in ASD across a variety of resting
or task based paradigms, and conversely some instead of increased
connectivity, particularly between subcortical and cortical areas.
Robustness of findings in imaging studies has been limited by
the small sample sizes and methodological variability of the studies
available. However, technical advances in methods for data acqui-
sition and automated processing are making multi-site large-scale
imaging studies increasingly feasible. One such collaboration is the
Autism Brain Imaging Data Exchange (ABIDE1), a consortium of
investigators in which members contribute both published and
unpublished resting-state fMRI data from ASD subjects and con-
trols obtained using similar clinical and imaging protocols. The
first paper from this consortium reported on measures of brain
connectivity in a dataset collected across 17 sites. Neuroimaging
data included in this analysis were limited to that collected from
males (360 ASD, 403 controls) who had IQ within 2 standard devi-
ations of the overall sample mean of 108 (Di Martino et al., 2013).
The results helped to clarify conflicting results from earlier studies,
confirming that both hyper- and hypo-connectivity are charac-
teristic of brain activity in ASD. Hypo-connectivity was much
more prominent, affecting to varying degrees all cortico-cortical
connections tested, with particularly strong effects in unimodal
association areas such as the fusiform and superior temporal gyri,
paralimbic regions such as the insula and paracingulate cortex, and
connections between hemispheres. Hyperconnectivity was more
limited, affecting primarily subcortical nuclei and parietal cortex.
The study represented a significant advance in reconciling previ-
ously inconsistent observations (Muller et al., 2011; Vissers et al.,
2012), although the population studied was limited to the subset
of individuals with ASD with normal range IQ, and did not have
the younger subjects needed to answer questions around early
developmental changes.
In summary, despite the clinical and etiological heterogeneity
with ASD, the use of quantitative methods to look for common
patterns across datasets collected thus far has detected evidence of
some relatively consistent differences in both brain structure and
function on a group level. However, a significant contributor to
differences in findings among studies of ASD is age.
AGE EFFECTS
As suggested by the meta-analyses above, structural neuroimaging
studies of adolescents and adults have had inconsistent findings,
with some reporting enlarged volumes (Piven et al., 1995), but the
majority normal or even reduced volumes (Garber et al., 1989),
consistent with the meta-analyses of VBM data in older individuals
byVia et al. (2011) discussed above (Radua et al., 2011). In contrast,
studies of head circumference and brain volumes in children with
autism have suggested that brain enlargement is a more consistent
finding (Wolff, 2013). In the meta-analysis by Stanfield discussed
above, age effects are described for the amygdala, such that the dif-
ferences in amygdala volume correlated with age, becoming larger
in younger subjects. While this analysis did not find similar age
effects for total brain volume, unlike what had been reported in
1http://fcon_1000.projects.nitrc.org/indi/abide/
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a previous meta-analysis (Redcay and Courchesne, 2005), there
are increased effect sizes for larger total brain volumes in younger
children. These and similar observations have led to the hypothesis
that the trajectory of brain development in some individuals with
ASD may show a two-step deviation: an early acceleration in brain
growth, followed by a flattening of the growth trajectory or even
relative loss in brain volume sometime during early adolescence
(Aylward et al., 2002; Redcay and Courchesne, 2005).
It should be noted that while increased early brain volume is
one of the most consistently reported observations, it has not been
found by all studies (Raznahan et al., 2013a). A recent paper re-
examining past reports of increased head circumference in ASD
found evidence to suggest that much of this could actually due to
bias from cohort effects within commonly used population data-
bases such as the CDC. Those studies in which control data had
been collected from the same community as the ASD group were
less likely to find head circumference differences (Raznahan et al.,
2013b). MRI comparisons of global gray and WM volumes in
young children have also had mixed results. Studies that limited
participants to those that met narrow DSM-IV criteria for Autism
were less likely to find group differences, while larger brain vol-
umes were more frequently observed when the patient group was
extended to the broader autism spectrum. A recent study of brain
volumes in toddlers with regressive versus non-regressive autism
(Rogers, 2004; Hansen et al., 2008) of the same clinical severity also
only found increased brain volumes in males with the regressive
subtypes, while males with non-regressive autism were not differ-
ent than controls. Brain volumes were not increased in females
with either regressive or non-regressive autism, although sample
size differences may have affected the ability to detect differences
in the latter, as there were many more males in the study than
females (114 males/22 females) (Nordahl et al., 2011). These find-
ings, together with the observation that many genetic disorders
associated with autism often result in microcephaly (Betancur,
2011), suggest that early increased brain growth is present in only
a subset of individuals with ASD (Raznahan et al., 2013a).
There is as yet relatively little work attempting to assess devel-
opmental shifts in brain functional activity in ASD. In a recent
meta-analysis, Dickstein et al. (2013) addressed developmental
questions in fMRI results by using ALE methods to directly com-
pare fMRI study results in children less than 18 years old with
those obtained in adults. Tasks were split into those testing aspects
of social function, such as theory of mind, face processing, and
language, versus non-social capacities such as executive function
and reward processing. Forty-two studies met inclusion criteria:
18 studies in children (including 262 ASD participants, average
age 12.95± 1.74 years) and 24 in adults (288 participants, aver-
age age 30.55± 4.94 years), with similar numbers of age-matched
controls. They reported that loci of both hyperactivation and
hypoactivation were more pronounced in the younger subjects: in
the group of social tasks, the convergence of hyperactivation was
higher in the children in the left postcentral gyrus, and hypoacti-
vation greater in the right parahippocampal gyrus/hippocampus
and right superior temporal gyrus. In the non-social tasks, hyper-
activation was greater in the ASD children in areas such as the
right insula, right middle frontal gyrus, and left cingulate gyrus,
while hypoactivation was more pronounced in the right middle
frontal gyrus; there were no instances in either condition where
convergences of hypo- or hyperactivation were greater in the adult
ASD group. While the results need to be followed up in longitu-
dinal analysis, they do suggest that development stage plays an
important role in functional differences in ASD as well.
SUBGROUPS WITHIN ASD
SUBGROUPS DEFINED BY CLINICAL FEATURES
Autism and Asperger’s syndrome
As discussed above, until the recent revision of DSM-5, ASD
were divided into several categorical diagnoses. The question of
whether Autism and Asperger’s syndrome should be considered
different disorders has been contentious, particularly when com-
paring individuals with Asperger’s syndrome to those with Autism
and normal cognitive function (Kozlowski et al., 2012; Planche
and Lemonnier, 2012). Studies directly comparing the two have
tended to report evidence of more severe brain abnormalities in
Autism, with Asperger’s syndrome being intermediate (Lotspeich
et al., 2004; Schumann et al., 2004). The recent meta-analysis of
VBM measures of gray matter volume described above (Via et al.,
2011) did not find evidence of significant differences in gray mat-
ter volume between Autism and Asperger’s syndrome, supporting
the hypothesis that the conditions had similar neural substrates
with differing levels of severity.
Intellectual disability
It is estimated that approximately of 60–80% of the total ASD
population have mild to severe ID (Fombonne, 2003). How best
to understand the relationship of ID to the core features of ASD is
not clear – whether they should be considered as arising from the
same fundamental process in individuals with both, whether ID
should instead be treated as a co-occurring disorder, or whether
ID may serve as an “unmasking” element that decreases an indi-
vidual’s ability to compensate for other factors that place them at
risk for autistic behaviors (Skuse, 2007).
A handful of studies have compared ASD with and without co-
occurring ID, often referred to as “low-functioning autism” (LFA),
and “high-functioning autism” (HFA). A study of global brain vol-
umes and amygdala and hippocampal volumes in a group of chil-
dren and a group of adolescents, divided into the four subgroups
of LFA and HFA, Asperger’s syndrome and matched controls, did
not find significant differences in patterns of neural abnormalities
between LFA and HFA; both had significantly enlarged amyg-
dala and hippocampal volumes in the younger children but not
adolescents, and global brain volumes were the same as controls
throughout (Schumann et al., 2004). A cross-sectional analysis of
a subset of the same sample reported differences in cortical folding
patterns between the four groups (Nordahl et al., 2007). Cortical
morphometry and sulcal depths were modeled using a surface-
based registration system (Van Essen et al., 2001). The LFA group
had an area of deeper sulci than controls in the left frontal oper-
culum and anterior insula; in the HFA group, sulcal depth was
deeper in the left parietal operculum, approximately 12 mm dis-
tant from the area affected in the LFA group, and correlated with a
similarly affected region in the right hemisphere. In the Asperger’s
syndrome group, this region was not affected, but there was evi-
dence of greater sulcal depth bilaterally in the intraparietal sulcus.
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Shape analysis showed an abnormal region in the pars opercu-
laris portion of the left inferior frontal gyrus of the LFA group,
which coincided with the sulcal depth abnormality. The sample
was also divided into a younger (7.5–12.5 years) and older (12.75–
18.5 years) in order to explore developmental effects: similarly to
the study of amygdala size in this cohort, findings were more pro-
nounced in the younger group, despite the smaller sample size,
and no longer evident in the adolescent group.
Scanning children with intellectual disabilities is challenging,
and relatively few studies have focused on LFA. Riva et al. (2011)
compared brain volumes in a group of children with ASD aged
3–10 years, average IQ of approximately 52, against controls with
normal IQ. They reported similar global brain volumes between
the two groups, but a pattern of regional gray matter deficits in the
autistic group. Other studies have used control groups matched
on level of ID. Predescu et al. (2010) did not find differences
between 15 children aged 2–8 with ASD and 10 age-matched
children with developmental delay (DD) in global gray and WM
volumes measured using VBM. A slightly larger study of 34 chil-
dren aged 2–7 years with ASD and 13 controls matched for age and
developmental level also did not find any significant differences in
brain volumes, although there appeared to be a positive relation-
ship between developmental stage in the developmentally delayed
group that was absent in the ASD children (Zeegers et al., 2009).
A study in older children with significant DD (27 ASD, 17 con-
trols; both groups had chronologic age of approximately 14 years
and developmental age of approximately 4.5 years) reported that
the area of the corpus callosum was significantly smaller in the
ASD group, although head circumference and cerebellar volumes
were not different (Manes et al., 1999). A different approach
was taken by Hrdlicka et al. (2005), who used cluster analysis to
determine which traits grouped together across several domains,
including brain volumes, autistic symptoms, IQ, facial dysmor-
phism, and comorbidities such as epilepsy. They found that level of
ID differentiated between clusters, while ASD symptoms did not;
more severe ID was associated with smaller volumes of the amyg-
dala, hippocampus, and corpus callosum genu/splenium, along
with higher frequency of epilepsy, facial dysmorphic features, and
abnormal early psychomotor development. A significant limita-
tion to the studies available thus far is their relatively small size.
Compounding this is that the pathology underlying ID and DD is
itself not well understood, and so control groups defined on basis
of cognitive function are likely to introduce additional variation
related to the causes of the cognitive impairment.
SUBGROUPS DEFINED BY RISK FACTORS
Environmental risk factors
Another strategy for parsing heterogeneity is subdividing based
on the presence of a specific risk factor, either comparing indi-
viduals that have a specific risk factor who also have ASD features
against those who do not, or comparing individuals with ASD and
a specific risk factor against idiopathic ASD (iASD) and controls in
order to see if the same patterns of differences is present regardless
of the presence of the risk factor. Analyses of this type thus far have
been carried out in primarily in regards to genetic risks. Although
ASD has also been associated with a variety of environmental risk
factors (Herbert, 2010), much less is yet known about how these
might relate to brain differences. The strongest environmental risk
identified thus far is severe early neglect, which has been associ-
ated with development of autistic behavioral features (Rutter et al.,
2007), although studies of children raised in these conditions have
also shown a capacity for significant improvements on exposure
to a socially enriched environment that ASD generally does not.
Some small neuroimaging studies have been done in these pop-
ulations, which have documented decreased brain volumes and
abnormal WM architecture, but the relationship of brain findings
to autistic symptoms in these subjects is not known (Bos et al.,
2011).
Prenatal exposure to maternal autoantibodies has been sug-
gested as another environmental risk factor potentially playing
a role in some individuals with ASD. The blood-brain barrier
is permeable to maternal IgG during prenatal development, and
maternal autoantibodies have been observed to react with fetal
brain tissue,with reactivity to several specific antigens in the 37 and
73 kDa range of molecular weight linked to significantly increased
risk for ASD in offspring (Braunschweig et al., 2013). Prenatal
exposure of rhesus macaques to these autoantibodies from moth-
ers of ASD children resulted in abnormal social function and a
more rapid increase in brain volume in the males (although not
females) during the first two years of life compared to controls
(Bauman et al., 2013). These intriguing findings were followed
up by a study of maternal autoantibodies and brain volume in
male children with ASD and matched controls (Nordahl et al.,
2013). In this study, 7.5% of the mothers of ASD children and
none of the mothers of controls had the autoantibodies in the
37/73 kDa range; and the children of this subset had significantly
larger brain volumes than the children with ASD who did not have
exposure to these autoantibodies. Together, these findings support
the hypothesis that there may be a subgroup of individuals with
ASD in which pathophysiology is linked to a particular immune-
mediated process during prenatal development. There have not
been imaging studies yet related to other possible environmental
factors such as prenatal maternal influenza.
Genetic risk factors
As extensively reviewed elsewhere, ASD is highly heritable (Ronald
and Hoekstra, 2011), and has been linked to a large number of
genetic risk factors (Betancur, 2011). The Y chromosome could
be considered one of the strongest of these, conferring up to a 4:1
greater risk in males compared to females (Fombonne, 2009). Oth-
erwise, the genes identified to date with the strongest impact on
risk for ASD are those associated with known genetic neurodevel-
opmental disorders which include an increased likelihood of ASD
(Fombonne, 2009). Examples include Fragile X syndrome (FXS)
(Gallagher and Hallahan, 2012) and 22q11.2d, also known as velo-
cardio-facial syndrome (VCFS) (Antshel et al., 2007). However,
even in these disorders, ASD symptoms are only present in a subset
of affected individuals, and each of these syndromes increases risk
for a number of psychiatric disorders. Neuroimaging has begun
to be used to try to determine whether having the ASD pheno-
type or not in individuals with the same genetic abnormality is
reflected in variation in brain structure, and also whether brain
differences associated with the ASD phenotype in a specific genetic
condition are similar to those in “idiopathic” ASD. Such studies
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within specific genetic disorders have the additional benefit of
allowing comparison of individuals with ASD and ID within a rel-
atively homogeneous cohort. There is an element of controversy
regarding the relationship of ASD symptoms to genetic disorders
such as FRX, with some arguing that despite appropriate scores
on standardized assessments, a closer analysis of clinical features
of individuals with genetic syndromes reveals that similarities are
superficial, and symptom profiles are not the same as in individ-
uals with iAUT (Moss and Howlin, 2009). An alternative is that
the pattern appears atypical precisely because they represent a
subgroup associated with a single major genetic risk factor, and
so do not display the same characteristics described as averaged
observations from a much more heterogeneous group.
Gender
Autism spectrum disorders is significantly more common in males
than females (1 in 54 in boys and 1 in 252 in girls, up to 5 times
more frequent in boys; Center for Disease Control and Prevention,
2012), although there has been longstanding debate whether the
risk factors disproportionately affects males, or if instead other
protective factors tend to make symptoms less noticeable in girls.
It has also been uncertain whether the proportion of males and
females may change based on the level of ID. Several early stud-
ies reported an interaction of gender with ID, such that the ratio
of males to females is nearly equal in individuals with ID, and
becomes more prominent in the groups with higher IQ (Wing,
1981; Lord et al., 1982; Volkmar et al., 1993). However, some more
recent studies have not found a relationship of gender ratio and IQ
(Carter et al., 2007; Hartley and Sikora, 2009; Mandy et al., 2012).
The preponderance of males in recruitment samples has resulted
in many imaging studies excluding females altogether, in order
to reduce potential variance related to gender. Those that have
included both males and females have generally had insufficient
numbers of females to examine effects of gender on outcomes,
and there have only been a few MRI studies that have addressed
differences in gender directly.
Most studies thus far that have reported on gender effects have
not found significant differences in which brain areas are affected,
although the magnitude of effects in areas has tended to be larger in
females (Bloss and Courchesne, 2007; Schumann et al., 2009, 2010;
Calderoni et al., 2012). One study however found reduced cere-
bral GM and WM volumes and reduced temporal GM volumes
in females versus males with ASD; in addition, cerebral, frontal,
parietal, and occipital WM volumes were only correlated with age
in girls but not in boys (Bloss and Courchesne, 2007). This was
consistent with the gender effects observed in a meta-analysis of
brain structural differences in ASD, which found that differences
in the cerebellum were more likely to be observed when there were
fewer males included in the study, suggesting that females may be
contributing greater differences (Stanfield et al., 2008).
A notable recent study, the largest to date designed explicitly to
examine gender differences, found that brain regions affected in
ASD males had little overlap with those affected in ASD females
(Lai et al., 2013a). In this study,VBM was used to compare gray and
WM global and regional volumes in high-functioning adult males
and females with ASD (age range 18–49; 30 males with ASD; 30
females with ASD; 30 male controls and 30 female controls). There
were not significant interactions of gender and diagnosis for gray
matter volumes. However, for WM, several regions had divergent
findings for males and females. In the temporo-parieto-occipital
region, females with ASD had larger WM volumes than female
controls, while there was no difference in males; while WM in the
internal capsule in the area around the basal ganglia was larger
in the ASD males than male controls, but smaller in ASD females
than female controls. In addition to the difference in direction of
findings, there was little spatial overlap between affected regions
in males and in females. These findings suggest a difference in
neuroanatomical substrates of ASD for males and females, despite
similar clinical characteristics. Although in general females who
have been identified with ASD have tended to be characterized
as clinically more severely affected than males (Dworzynski et al.,
2012), suggested by some as due to ascertainment biases, this study
as well as the others described above did not find gender differ-
ences in their samples in either ID or symptom severity (Bloss and
Courchesne, 2007).
There has been one fMRI study to date that targeted gender
differences, comprised of a verbal fluency task and a mental rota-
tion task (Beacher et al., 2012). These tasks were chosen based on
previous evidence of gender specific performance in health popu-
lations: females tend to perform better than males on measures of
verbal fluency (Herlitz et al., 1997), and males better than females
on tests of mental rotation (Crucian and Berenbaum, 1998; Astur
et al., 2004; Parsons et al., 2004; Kozaki and Yasukouchi, 2009).
The authors found evidence of interaction of group and gender.
On the verbal fluency task, AS males, but not females, had greater
activation in the left medial superior frontal gyrus than controls.
On the mental rotation task, AS males had greater activation in
the left precuneus, bilateral occipital gyri, and left inferior tem-
poral gyrus than controls; the opposite was true for females, with
control females having greater activation in the same regions. The
authors speculated that differences could have been due to gender
differences in cognitive styles.
Genetic syndrome
Fragile X Syndrome is an X-linked disorder, the most common
inherited form of ID, caused by a trinucleotide repeat in the Frag-
ile X mental retardation 1 (FMR1) gene (Gallagher and Hallahan,
2012). It is estimated that 25–47% of individuals with FXS have
ASD (Gallagher and Hallahan, 2012), resulting in 2–6% of all ASD
cases (Reddy, 2005; Hagerman et al., 2010). Kaufmann et al. (2003)
were the first to directly compare children with FXS and ASD,
finding hypoplasia of the posterosuperior vermis in both groups
compared to controls. A study of 10 adults with FXS, 10 iASD, and
10 TD using VBM also reported decreased volume of the cerebel-
lar vermis in FXS and iASD compared to TD; the FXS group had
increased volumes of caudate and dorsolateral prefrontal cortex
(PFC), and decreased volumes of left postcentral, middle tempo-
ral, and right fusiform gyrus (FG) compared to both ASD and
TD (Wilson et al., 2009). Meguid et al. (2010) reported on a
comparison of cortical thickness in 10 children with iAUT and
7 children with FXS+AUT; they found that that for the most
part there were no significant differences in measures of cortical
thickness, gyrification, or sulcal depth between the two groups,
except that the iAUT had thinner cortex in the left medial frontal
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and anterior cingulate cortices, which correlated with an index of
social maturity.
A series of reports using different imaging analysis methods
have come from work by Hazlett and colleagues regarding a lon-
gitudinal study of boys with FXS recruited between 2–4 years of
age, including a group who had FXS with autism (FXS+AUT),
FXS without autism (FXS-AUT), iASD, and controls (TD, a mix of
typically developing and developmentally delayed children). In the
baseline study using predefined regions of interest they found that
the FXS group, both with and without autism, had enlarged cau-
date and decreased amygdala volumes, compared to both TD and
iAUT. The most significant finding in the iAUT group was enlarged
amygdala volume compared to either FXS or TD (Hazlett et al.,
2009). At the next time point, when subjects were 5–6 years of age,
additional differences were observed. Global volumes were similar
between the FXS and iAUT groups, in both cases larger than the TD
group, but frontal lobe gray and WM volumes were smaller in the
FXS than in iAUT, and temporal WM and cerebellar volumes were
larger (Hazlett et al., 2012). A longitudinal analysis of the same
cohort using VBM found a complex pattern of differences between
the groups. Interestingly, several regions important for social func-
tion such as medial PFC, orbitofrontal cortex, superior temporal
sulcus, and temporoparietal region appeared to differ in opposite
directions, being smaller in the FXS (including FXS+AUT) and
larger in the iAUT. There was no significant difference in the over-
all severity of the autistic symptoms, which the authors interpreted
as an example of different patterns of brain structural differences
underlying similar symptoms (Hoeft et al., 2011).
Rett’s syndrome (RS) is an X-linked genetic disorder commonly
associated with autistic features that was previously included
within the same PDD category as ASD. Most affected individuals
have a mutation in the Methyl-CpG-binding Protein 2 (MECP2), a
transcription regulator important in activity-dependent synaptic
maturation (Amir et al., 1999). As evidence grows supporting the
role of synaptic development as a potential convergent pathway
for pathophysiology in ASD, there has been strong interest in the
MECP2 mutation as a prototypic model (Neul, 2012). Imaging
studies of RS have described decreases in both gray and WM vol-
ume affecting frontal, temporal, and parietal regions (Naidu et al.,
2001). Decreased volumes are consistent with the characteristic
microcephaly, and appear to be more pronounced in individu-
als with more severe clinical phenotypes (Carter et al., 2008a).
Interestingly, a study of the milder preserved speech variant sub-
type of RS found that while 76% of a cohort of 17 intermediate
and high-functioning participants met criteria for ASD, only 3 had
microcephaly, 11 had normal head circumference, and 2 were even
macrocephalic (Zappella et al., 2001). There have not been studies
to date explicitly examining imaging findings in RS in relationship
to the autistic phenotype.
Velo-cardio-facial syndrome is caused by a deletion in the
22q11.2 region, and associated with increased risk of ASD (Antshel
et al., 2007), as well as schizophrenia and other psychiatric con-
ditions, and DDs (Shprintzen, 2008). One study to date has com-
pared brain structures in VCFS with ASD to those without ASD.
This study found that those with an ASD diagnosis had larger
right amygdala volume (Antshel et al., 2007), consistent with other
reports of increased amygdala size in ASD.
Down’s syndrome is the most common genetic cause of ID,
and has been reported as being comorbid with ASD in a subset
of between 1–11% (Lowenthal et al., 2007). Brain volumes in DS
subjects are usually reported as smaller than controls. Findings
have been mixed when comparing DS with or without autistic
features. Studies that further subdivide DS by presence of autis-
tic features have not found differences total brain volume or total
cerebellar volume between those with (DS+AUT, ID+AUT) or
without (DS-AUT, ID-AUT) autistic features (Kaufmann et al.,
2003; Spencer et al., 2006; Carter et al., 2008b). Some evidence of
differences however has been identified in cortical areas related to
social functions such as the thalamus and left superior temporal
sulcus (Spencer et al., 2006), and associations with motor or RRB
in brainstem and cerebellar WM (Kaufmann et al., 2003; Carter
et al., 2008b).
Other genetic risk factors
A large number of other genes not associated with specific genetic
disorders have also been linked to increased risk for ASD. Most
studies of the effects of these genes on brain structure in relation
to ASD thus far have focused on demonstration of the effects of
risk-genes on relevant aspects of brain structure or function within
healthy subjects (e.g., contactin-associated protein-like 2 (CNT-
NAP2) (Scott-Van Zeeland et al., 2010a; Tan et al., 2010; Dennis
et al., 2011; Whalley et al., 2011); homeobox A1 (HOXA1) (Canu
et al., 2009; Raznahan et al., 2012); MET receptor tyrosine kinase
(MET) (Hedrick et al., 2012), oxytocin receptor (OXT) (Inoue
et al., 2010), and brain-derived neurotrophic factor (BDNF) (Raz-
nahan et al., 2009). However, a few have sought to determine if risk
alleles contribute to heterogeneity within ASD and may be useful
for intra-diagnostic stratification; i.e., whether ASD subjects with
a specific risk-gene allele have differences in brain structure or
function from ASD subjects who do not have that particular allele.
Monoamine-oxidase A (MAOA) is an enzyme found in the
brain that is a key regulator of serotonin, dopamine, and norep-
inephrine, all neurotransmitters that have been linked with ASD.
VNTR, a polymorphism in the promoter region for the MAOA
gene, has been demonstrated to affect the level of activity of this
enzyme. A large body of work has linked the low activity (LA)
allele to a variety of adverse effects on cognition and behavior,
including decreased IQ and worse symptomatology within ASD
(Cohen et al., 2003). A study of the relationship of MAOA and
ASD compared brain volumes between individuals with the high
(HA) versus LA alleles of VNTR, both within a sample of young
males with ASD (18–35 months of age, 17 HA, 12 LA) and controls
(7–18 years of age, 28 HA, 11 LA). While there was no effect of the
allele type in the control subjects, within the ASD sample the LA
allele was associated with larger volumes of both gray and WM
(Davis et al., 2008).
MET is another candidate genetic risk factor with relatively
robust support for a role in ASD. MET is a gene encoding a
protein within the ERK/PI3 signaling pathway, and is closely
regulated during the development of excitatory neurons during
synapse formation in regions of the brain important for social
cognition (Levitt and Campbell, 2009). Variations in MET have
been linked to increased risk for ASD (Campbell et al., 2010),
and in animal models have been associated with developmental
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abnormalities consistent with ASD phenotypes (Judson et al.,
2009). Alleles of rs158830, located within the promoter region
of MET, have been of particular interest because of their effects
on transcription and protein expression of MET. The presence of
the “C” allele of rs158830 has been associated with more severe
deficits in social function and communication (Campbell et al.,
2010). Rudie et al. (2012) measured the impact of the rs158830
risk allele on structural and functional brain development in a
population of 162 children and adolescents with (n= 75) and
without (n= 87) ASD. Participants contributed to one or more
of three separate neuroimaging experiments: an fMRI paradigm
involving passive viewing emotional faces; a resting fMRI scan; and
a diffusion tensor imaging scan. Group differences between ASD
and controls were present for both functional imaging paradigms.
Independent of diagnosis, the MET risk allele was also associ-
ated with abnormalities in brain activation in both paradigms,
and with decreased fractional inositropy in several WM tracts in
related regions. Notably, the effects of the risk allele were more pro-
nounced in the ASD group than in the controls. Across all three
testing conditions, the intermediate heterozygote (GC) within the
ASD group were more similar to the high risk homozygote (CC);
while within the control group the heterozygote condition was
more similar to the low risk (GG) homozygote. The differences
between the ASD participants with and without the risk allele
supported the value of stratifying samples both by diagnosis and
by specific genetic risk factors.
DIMENSIONAL APPROACHES TO HETEROGENEITY
Although most imaging studies in ASD have concentrated on
group comparisons, there have been some which have sought
instead to determine whether the variation observed in clinical
characteristics could be linked to differences in brain structure and
function. Some of these have concerned the different domains con-
sidered as part of the core criteria of ASD, while others have started
to explore the impact of common co-existing features such as ID,
anxiety symptoms, and problems with attention and impulsivity.
As the vast majority of the imaging literature is based on DSM-
IV criteria, this review will accordingly consider the domains of
language, social communication, and repetitive/restricted interests
and behaviors separately, rather than following the revised criteria
in which language and social interaction are combined (American
Psychiatric Association, 2013).
SOCIAL COGNITION
Impairment in social interactions is the defining feature of ASD.
There has been significant progress in delineating the neural
systems playing key roles in the enormously complex cognitive
processes underlying routine social activity, highlighting brain
structures such as the medial frontal and superior temporal cortex,
insula, cingulate, and limbic regions (Blakemore, 2008). Neu-
roimaging studies comparing ASD with controls have demon-
strated that these regions among those most consistently showing
abnormalities, confirming their likely involvement in the clinical
phenomena (Di Martino et al., 2009; Sugranyes et al., 2011).
However, as in other aspects of ASD, the severity of impairment
of social function can vary widely. Fewer studies have attempted
to determine if MRI measures of these neural systems predicts the
clinical symptoms. The amygdala has been one of the regions that
has received the most attention, due to its well-established role
in relevant aspects of social cognition such as response to facial
expressions and threat detection (Adolphs et al., 2005; Adolphs,
2010; Pessoa, 2010), and evidence of abnormal structure and func-
tion of the amygdala in ASD (Abell et al., 1999; Baron-Cohen et al.,
2000; Howard et al., 2000; Sparks et al., 2002; Schumann et al.,
2004, 2009; Hazlett et al., 2009; Mosconi et al., 2009; Groen et al.,
2010; Stigler et al., 2011; Nordahl et al., 2012). Studies relating
amygdala volume to the degree of social impairment have had
mixed results. Two studies found social impairment correlated
with decreases in amygdala volume (Nacewicz et al., 2006; Mosconi
et al., 2009), one with larger amygdala volume (Schumann et al.,
2009), and two others no relationship at all (Dziobek et al., 2006;
Juranek et al., 2006). The two studies that found positive corre-
lation assessed social ability by experimental procedures, such as
eye-tracking, rating joint attention from camera recordings, or
facial emotion recognition tasks (Nacewicz et al., 2006; Mosconi
et al., 2009). The other three studies which found no correlation
or negative correlation (Dziobek et al., 2006; Juranek et al., 2006;
Schumann et al., 2009) instead assessed social ability through clini-
cal interviews such as the Autism Diagnostic Observation Schedule
(ADOS) (Lord et al., 2000) or Autism Diagnostic Interview-
Revised (ADI-R) (Lord et al., 1994), demonstrating the complexity
of characterizing social ability and of relating clinical behaviors to
results of cognitive tests. Other areas in which there has been some
degree of correlation observed to measures of social function have
included the medial PFC (Rojas et al., 2006; Schulte-Ruther et al.,
2011), inferior frontal gyrus (Rojas et al., 2006), superior temporal
sulcus (Pelphrey et al., 2005), FG (Greimel et al., 2010), temporal-
parietal junction (TPJ) (Lombardo et al., 2011), and the anterior
cingulate cortex (ACC) (Scott-Van Zeeland et al., 2010b).
LANGUAGE IMPAIRMENT
Delayed or atypical language development is a core feature of
ASD (American Psychiatric Association, 2000). Language ability
can vary enormously, from the 25% who never develop func-
tional language to mild abnormalities in prosody (Mody et al.,
2013). Neuroimaging studies of language function in autism have
focused on language-associated brain regions such lateral infe-
rior frontal cortex, including Broca’s area, and temporoparietal
cortex, which contains Wernicke’s area (Shapleske et al., 1999;
Dronkers et al., 2007). Language-associated areas are anatomi-
cally and functionally asymmetric, with predominance normally
found in the hemisphere opposite the dominant hand. Although
results are mixed, observations from multiple studies have sug-
gested that asymmetry is often reduced or reversed in ASD (e.g.,
Herbert et al., 2002, 2005; Rojas et al., 2002, 2005; Just et al., 2004;
McAlonan et al., 2005; Knaus et al., 2009; Anderson et al., 2010;
Catarino et al., 2011).
Bigler et al. (2007) reported on gray matter volumes of the
superior temporal gyrus in a group of 30 children with ASD com-
pared to 39 controls matched on age and IQ; 13 of the controls had
reading deficits. They found that superior temporal gyrus volume
correlated with a standardized measure of language ability in the
control group, but not the children with ASD. An early fMRI study
reported that adults with ASD did not exhibit normal lateralization
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of brain response to vocal stimuli (Gervais et al., 2004). A more
recent fMRI study of brain activity of sleeping toddlers (40 ASD
and 40 matched controls, aged 12–48 months) during the reading
of a bedtime story found that the ASD group did not show nor-
mal left-lateralized responses; there was instead a right-lateralized
temporal cortex response which was most pronounced in the chil-
dren toward the older end of the age range studied, suggesting an
increasingly deviant developmental trajectory of laterality. Inter-
estingly, within the ASD group, greater right hemisphere activity
correlated with less severe symptoms (Redcay and Courchesne,
2008; Eyler et al., 2012).
These findings are consistent with those from a study compar-
ing ASD and specific language impairment (SLI), a disorder in
which delayed language development is present despite preserva-
tion of other cognitive abilities, and for which there is evidence
of shared genetic risks with ASD (Fisher et al., 2003). This study
compared children aged 6–12 years with SLI and typical controls
to individuals with ASD with and without language impairment
(De Fosse et al., 2004). They found overall larger brain volumes
in the children with ASD. However, while reversed asymmetry of
language-associated regions was present in the two groups that
had language impairment, it was not present in the ASD group
with normal language ability, suggesting that the asymmetry was
more related to the presence or absence of language impairment
than the ASD diagnosis.
RESTRICTED AND REPETITIVE INTERESTS AND BEHAVIORS
The third core domain of ASD as defined in DSM-IV is the
presence of restricted interests and RRIB, including both “higher
order” RRIB, such as unusual preoccupations or patterns of inter-
ests and compulsive adherence to rituals or routines, and “lower
order” RRIB, referring to stereotyped and repetitive motor man-
nerisms and preoccupation with parts of objects (Lord et al., 1994).
Much of the work on RRIB has focused on the relationships
between the frontal cortex and basal ganglia, taking as a model
conditions with similar features such as obsessive-compulsive dis-
order (Scarone et al., 1992; Rosenberg et al., 1997) and Tourette
syndrome (Peterson et al., 2003; Langen et al., 2012). Volumes of
frontal regions have been correlated with RRB severity in ASD
(Hardan et al., 2003; Rojas et al., 2006; Ecker et al., 2012), and in
fMRI studies of tasks requiring cognitive inhibition, RRB sever-
ity has been shown to correlate with abnormal activation in areas
including dorsolateral PFC, anterior cingulate, and the intrapari-
etal cortex (Shafritz et al., 2008; Agam et al., 2010). Studies relating
RRB symptoms to basal ganglia volumes have had mixed results. In
a comparatively large sample of individuals with autism (n= 99;
TD: n= 89), Langen et al. (2009) found that caudate volume was
negatively correlated with insistence on sameness within higher
order RRB. However, in Hardan et al. (2003), only scores on lower
order RRB complex mannerisms were negatively correlated with
caudate volume. Two other studies that included subjects across
the autism spectrum and did not exclude ID found instead a pos-
itive correlation between caudate volume and severity of RRB
(Hollander et al., 2005; Rojas et al., 2006).
SENSORY ABNORMALITIES
Abnormal sensory function, either hyper- or hyposensitivity, is
extremely common in ASD. Described as an associated feature
in DSM-IV-TR (American Psychiatric Association, 2000), in
DSM-5 it was changed to be one of the diagnostic criteria in
the restricted/RRIB category (American Psychiatric Association,
2013). Although key brain regions for sensory function such as
the primary somatosensory cortex and insula are among those
most consistently showing abnormalities in ASD, to date few neu-
roimaging studies have examined imaging correlates of abnormal
sensory function in ASD directly. Cascio et al. (2012) used fMRI
to compare responses to pleasant, neutral and unpleasant tactile
stimuli between a sample of 13 adults with ASD and 14 matched
controls. They found that the subjective descriptions of the sensa-
tions were on average similar between the groups, although there
was more variability in the ASD responses, highlighting the hetero-
geneity within the group. Despite the similarity of the subjective
reports, there were significant differences in brain activation: the
ASD group had significantly less BOLD response to the pleas-
ant and neutral stimuli, but some areas of increased activation
during the unpleasant stimuli, including primary somatosensory
cortex and insula. Increased activation in the insula correlated
with social impairment scores, supporting the theory put forth
by some that abnormal sensory function during early develop-
ment may contribute to abnormal social development (Hilton
et al., 2010). The thalamus has also been examined due to its
central role in sensory processing. While thalamic volumes have
not been found to relate to sensory function, a magnetic reso-
nance spectroscopy study observed indications of a relationship
between thalamic brain metabolites (N -acetyl aspartate and gluta-
mate+ glutamine) and sensory function (Hardan et al., 2008a,b).
Another study reported that GM volume in the brainstem and oral
sensitivity measures were associated in high-functioning ASD (Jou
et al., 2009).
ANXIETY SYMPTOMS
Anxiety symptoms are also very common in ASD, estimated to
affect over 40% (de Bruin et al., 2007; Eussen et al., 2012; Strang
et al., 2012). A handful of studies have looked at how varying levels
of anxiety affects neuroimaging findings in ASD, most of which
have targeted structures in the limbic system. Higher levels of social
anxiety (Corbett et al., 2009), and generalized anxiety/depression
scores in children (Juranek et al., 2006) have each been correlated
with decreased amygdala volume. fMRI studies have been more
mixed. Kleinhans et al. (2010) found higher social anxiety scores
correlated with reduced activation in the FG and greater activa-
tion in the amygdala in adults in response to angry and fearful
faces. In contrast, another study in adolescents showed that brain
activations were not associated with depression or anxiety scores
(Weng et al., 2011).
POOR ATTENTION AND IMPULSIVITY
Symptoms such as inattention, hyperactivity, and impulsivity
(American Psychiatric Association, 2000) are present in a majority
of individuals with ASD (Schatz et al., 2002; Goldstein and Schwe-
bach, 2004). The frequency of these types of symptoms in ASD was
previously acknowledged through exclusion of a separate diagno-
sis of ADHD in the presence of PDD. Recognition that this exclu-
sion unfortunately diminished the likelihood of recognition of co-
occurring ADHD and associated symptoms resulted in its removal
in DSM-5. Although work to date on ADHD and ASD has been
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largely been done separately, making explicit comparison between
the two conditions and difficult, data thus far has demonstrated
that there is significant overlap in both affected brain regions and
genetic risk factors in the two disorders (Gargaro et al., 2011). This
has led to hypotheses that that the underlying biology for both
may fall along a continuum, with increasingly prominent social
impairments as one moves from ADHD to ASD, and suggestions
that more research studies should include both groups to allow
direct comparisons (Brieber et al., 2007; Rommelse et al., 2011).
SUMMARY OF FINDINGS
Most studies in autism have not had understanding heterogeneity
as a goal, but instead have effectively treated it as noise in the search
for brain differences that correspond to the categorical diagnosis.
These efforts have had some success. Findings have implicated
many regions with prominent roles in social cognition, such as
the superior temporal sulcus, amygdala, and insula (Di Martino
et al., 2009). Volumetric and functional differences appear to be
more pronounced in younger individuals, with a tendency toward
larger volumes earlier in life (Courchesne et al., 2011; Wolff, 2013).
With maturation these differences decrease in magnitude, partic-
ularly for brain structure, such that by adolescence summative
measures such as total brain volume are not significantly differ-
ent than controls. Other measures of brain structure continue
to show differences into adulthood, and newer multivariate tech-
niques have been able to identify subtle and widespread cortical
differences consistent with the ongoing differences in function
and behavior (Ecker et al., 2010). Abnormalities in structural and
functional measures of connectivity are a consistent finding.
Efforts to address the heterogeneity of autism in neuroimag-
ing studies have chiefly taken two forms: the first, to subdivide
ASD into more homogeneous subgroups, using a variety of crite-
ria; the second, to take a dimensional approach to examining the
relationship between neuroimaging data and clinical features. Far
fewer studies have been done using these approaches, and sample
sizes are often quite modest; negative findings in particular may
reflect lack of statistical power, or that studies using more sensitive
measures have not yet been performed.
Clinically defined categories have included subgroups such as
Aspergers’s versus narrowly defined Autism, ASD with and with-
out significant language impairment, and low-functioning versus
high-functioning autism. None of these comparisons have pro-
vided a strong case for a neurobiologically robust and distinct
subtype, which is not to say variation along these clinical dimen-
sions is not of ongoing interest. The relationship of ID to the
pathophysiology of ASD has continued to be a challenging issue,
complicated by the fact that brain imaging studies of individuals
with significant ID are very difficult to carry out, and so samples
including these subjects are often underpowered. This has created
a situation where despite the predominance of ID in ASD, most
imaging studies, particularly those with the sample sizes necessary
for multivariate analyses, are carried out in ASD individuals with
normal or near-normal IQ.
There have been a few specific risk factors identified with
strong enough associations to ASD to look at affected individ-
uals as specific subgroups. One of these is male gender, whose
much higher rates compared to females imply the presence of
risk factors unique to males. The few structural imaging stud-
ies explicitly designed for gender comparison have generally not
found significant differences in the pattern of abnormalities,
except for the likelihood of females to show more pronounced
brain differences than males. Of other specific genetic risk factors,
by far the most work has been done in FXS. Here, the pattern
of imaging findings appeared to be driven by the FXS genotype,
regardless of whether the individuals met criteria for ASD or not.
Some of the brain differences associated with the presence of autis-
tic features in the FXS and non-FXS groups affected similar regions
but in opposite directions.
The other most frequently used approach in neuroimaging to
heterogeneity with ASD has been through relating dimensional
variation in clinical or cognitive measures to brain measures.
Although these analyses have been generally intended less to
describe heterogeneity than to strengthen the case for the likely rel-
evance of the observed brain differences to the clinical symptoms,
they can be informative about whether the variation observed clin-
ically and in imaging measures are likely to be reflective of each
other. Although reported findings have been mixed, many have
been consistent with what would be expected for brain regions
known to be associated with specific functions, as described
above.
CONCLUSION
So, what has neuroimaging told us about heterogeneity in ASD?
The main finding may be that neuroimaging provides no refuge
from the multiplicity of presentations and candidate risk factors
found in the clinic and the genetics laboratory. Studies to date
have made progress in identifying patterns of brain abnormal-
ities present in groups of people with ASD, but inconsistency
between study results is still more the norm than the exception,
and biomarkers robust enough to be meaningful on an individual
level have yet to be identified. Adoption of multivariate methods
and pattern identification methods based on techniques such as
machine learning may improve results, as more reflective of the
widespread and subtle morphologic differences that have become
apparent with larger scale studies (Ecker et al., 2012), and are
consistent with current hypotheses of ASD as being rooted in
abnormalities of synaptic development (State and Sestan, 2012).
The difficulty with this approach, however, as has been discussed
extensively elsewhere (Hyman, 2010), is that it continues to center
around a concept of autism, or even the broader range of ASD, as
a discrete entity. Such a designation can be highly useful from the
practical level of providing a diagnostic label and indications for
intervention. However, as a constraint for inquiries into biology, it
may more distort than illuminate. Autistic disorders exist not only
as a spectrum within the realm of pathology, but also the severe end
of a set of continuous traits which extend into the general popula-
tion, and do not have clear boundaries with other disorders such as
ADHD (Lai et al., 2013b). Abundant evidence from epidemiologic,
genetic and twin studies supports the common nature of the risk
factors affecting autistic traits within individuals meeting criteria
for the disorder and in the general population (Robinson et al.,
2011; Ronald and Hoekstra, 2011; Lundstrom et al., 2012). ASD
might be better considered a name assigned to designate individ-
uals whose expression of a particular set of continuously varying
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traits has reached a certain threshold of severity (Uher and Rutter,
2012).
These issues have been much discussed of late, prompted by
the most recent revision of DSM (Kendler, 2012; Lord and Jones,
2012). Although DSM-5 left the previous categorical system largely
intact, acknowledging its clinical utility and the lack of sufficient
evidence to support more substantive revision, for research pur-
poses there has been increasing support for decreasing the empha-
sis on categorical diagnoses (Uher and Rutter, 2012). Proposed
alternatives include transdiagnostic dimensional approaches such
as the Research Domain Criteria (RDoCs) currently under devel-
opment at the National Institutes of Mental Health (NIMH) in
the U.S.2 (Insel et al., 2010), which focus on simpler constructs
(for example, response to social stimuli, or working memory) that
may be more amenable to linking across multiple levels of neural,
cognitive, and behavioral function regardless of which clinical
syndrome a particular feature is occurring within.
Neuroimaging has revolutionized our understanding of neu-
rodevelopmental disorders by affording observations of brain
structure and function in vivo, including the tracing of
developmental trajectories in children and adolescents from the
2www.nimh.nih.gov/research-priorities/rdoc
very first months of life. It should be kept in mind that despite
the rapid technical advances in the field, MRI techniques remain
limited to a level of spatial and temporal resolution too coarse
to visualize the synaptic or neuronal-level abnormalities that
may be core features of disorders such as ASD. If this is the
level from which heterogeneity arises, neuroimaging may ulti-
mately not be the best tool for parsing these differences. How-
ever, in combination with more finely grained methods such
as post-mortem tissue analysis and animal models, neuroimag-
ing studies have the potential to provide a critical intermediate
step between risk factors such as specific genes and the cog-
nitive or behavioral features of interest. Such approaches, by
focusing on the links between genetic, biological, and behavioral
domains, allow us the opportunity to deconstruct our concep-
tions of ASD back to where they can be grounded in biol-
ogy. Eventually, heterogeneity may no longer be considered as
noise in neuroimaging studies of ASD, and instead take its place
as a guide to pathophysiology (Brock, 2011; Georgiades et al.,
2013).
ACKNOWLEDGMENTS
Rhoshel K. Lenroot and Pui Ka Yeung both contributed to the
review of literature and writing of manuscript.
REFERENCES
Abell, F., Krams, M., Ashburner, J., Pass-
ingham, R., Friston, K., Frackowiak,
R., et al. (1999). The neuroanatomy
of autism: a voxel-based whole brain
analysis of structural scans. Neurore-
port 10, 1647–1651. doi:10.1097/
00001756-199906030-00005
Adolphs, R. (2010). What does the
amygdala contribute to social cog-
nition? Ann. N. Y. Acad. Sci.
1191, 42–61. doi:10.1111/j.1749-
6632.2010.05445.x
Adolphs, R., Gosselin, F., Buchanan,
T. W., Tranel, D., Schyns, P., and
Damasio, A. R. (2005). A mecha-
nism for impaired fear recognition
after amygdala damage. Nature 433,
68–72. doi:10.1038/nature03086
Agam, Y., Joseph, R. M., Barton, J. J. S.,
and Manoach, D. S. (2010). Reduced
cognitive control of response inhibi-
tion by the anterior cingulate cortex
in autism spectrum disorders. Neu-
roimage 52, 336–347. doi:10.1016/j.
neuroimage.2010.04.010
Amaral, D. G., Schumann, C. M.,
and Nordahl, C. W. (2008). Neu-
roanatomy of autism. Trends Neu-
rosci. 31, 137–145. doi:10.1016/j.
tins.2007.12.005
American Psychiatric Association.
(2000). Diagnostic and Statisti-
cal Manual of Mental Disorders:
DSM-IV. Revised 4th ed. Wash-
ington, DC: American Psychiatric
Association.
American Psychiatric Association.
(2013). Diagnostic and Statistical
Manual of Mental Disorders: DSM-5,
5th Edn. Arlington, VA: American
Psychiatric Association.
Amir, R. E., Van den Veyver, I. B.,
Wan, M., Tran, C. Q., Francke, U.,
and Zoghbi, H. Y. (1999). Rett syn-
drome is caused by mutations in
X-linked MECP2, encoding methyl-
CpG-binding protein 2. Nat. Genet.
23, 185–188. doi:10.1038/13810
Anderson, J. S., Lange, N., Froehlich,
A., DuBray, M. B., Druzgal, T. J.,
Froimowitz, M. P., et al. (2010).
Decreased left posterior insular
activity during auditory language
in Autism. Am. J. Neuroradiol. 31,
131–139. doi:10.3174/ajnr.A1789
Antshel, K., Aneja, A., Strunge, L., Pee-
bles, J., Fremont, W., Stallone, K., et
al. (2007). Autistic spectrum disor-
ders in velo-cardio facial syndrome
(22q11.2 Deletion). J. Autism Dev.
Disord. 37, 1776–1786. doi:10.1007/
s10803-006-0308-6
Astur, R. S., Tropp, J., Sava, S., Consta-
ble, R. T., and Markus, E. J. (2004).
Sex differences and correlations in a
virtual Morris water task, a virtual
radial arm maze, and mental rota-
tion. Behav. Brain Res. 151, 103–115.
doi:10.1016/j.bbr.2003.08.024
Aylward, E. H., Minshew, N. J., Field, K.,
Sparks, B. F., and Singh, N. (2002).
Effects of age on brain volume
and head circumference in autism.
Neurology 59, 175–183. doi:10.1212/
WNL.59.2.175
Baron-Cohen, S., Ring, H. A., Bullmore,
E. T., Wheelwright, S., Ashwin, C.,
and Williams, S. C. R. (2000). The
amygdala theory of autism. Neurosci.
Biobehav. Rev. 24, 355–364. doi:10.
1016/S0149-7634(00)00011-7
Bauman, M. D., Iosif, A. M., Ashwood,
P., Braunschweig, D., Lee, A., Schu-
mann, C. M., et al. (2013). Maternal
antibodies from mothers of children
with autism alter brain growth and
social behavior development in the
rhesus monkey. Transl. Psychiatry 3,
e278. doi:10.1038/tp.2013.47
Beacher, F., Radulescu, E., Minati,
L., Baron-Cohen, S., Lombardo,
M. V., Lai, M. C., et al. (2012).
Sex differences and autism: brain
function during verbal fluency
and mental rotation. PLoS ONE
7:e38355. doi:10.1371/journal.pone.
0038355
Betancur, C. (2011). Etiological hetero-
geneity in autism spectrum disor-
ders: more than 100 genetic and
genomic disorders and still count-
ing. Brain Res. 1380, 42–77. doi:10.
1016/j.brainres.2010.11.078
Bigler, E. D., Mortensen, S., Nee-
ley, E. S., Ozonoff, S., Krasny,
L., Johnson, M., et al. (2007).
Superior temporal gyrus, language
function, and autism. Dev. Neu-
ropsychol. 31, 217–238. doi:10.1080/
87565640701190841
Blakemore, S. J. (2008). The social brain
in adolescence. Nat. Rev. Neurosci. 9,
267–277. doi:10.1038/nrn2353
Bloss, C. S., and Courchesne, E. (2007).
MRI neuroanatomy in young girls
with autism: a preliminary study.
J. Am. Acad. Child Adolesc. Psychi-
atry 46, 515–523. doi:10.1097/chi.
0b013e318030e28b
Bos, K., Zeanah, C. H., Fox, N. A.,
Drury, S. S., McLaughlin, K. A.,
and Nelson, C. A. (2011). Psy-
chiatric outcomes in young chil-
dren with a history of institution-
alization. Harv. Rev. Psychiatry 19,
15–24. doi:10.3109/10673229.2011.
549773
Braunschweig, D., Krakowiak, P., Dun-
canson, P., Boyce, R., Hansen, R.
L., Ashwood, P., et al. (2013).
Autism-specific maternal autoanti-
bodies recognize critical proteins in
developing brain. Transl. Psychiatry
3, e277. doi:10.1038/tp.2013.50
Brieber, S., Neufang, S., Bruning,
N., Kamp-Becker, I., Remschmidt,
H., Herpertz-Dahlmann, B., et al.
(2007). Structural brain abnormali-
ties in adolescents with autism spec-
trum disorder and patients with
attention deficit/hyperactivity dis-
order. J. Child Psychol. Psychiatry
48, 1251–1258. doi:10.1111/j.1469-
7610.2007.01799.x
Brock, J. (2011). Commentary: comple-
mentary approaches to the devel-
opmental cognitive neuroscience of
autism – reflections on Pelphrey etal.
(2011). J. Child Psychol. Psychia-
try 52, 645–646. doi:10.1111/j.1469-
7610.2011.02414.x
Calderoni, S., Retico, A., Biagi, L.,
Tancredi, R., Muratori, F., and
Tosetti, M. (2012). Female children
with autism spectrum disorder: an
insight from mass-univariate and
pattern classification analyses. Neu-
roimage 59, 1013–1022. doi:10.1016/
j.neuroimage.2011.08.070
Frontiers in Human Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 733 | 11
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lenroot and Yeung Heterogeneity in neuroimaging studies of autism
Campbell, D. B., Warren, D., Sutcliffe, J.
S., Lee, E. B., and Levitt, P. (2010).
Association of MET with social and
communication phenotypes in indi-
viduals with autism spectrum dis-
order. Am. J. Med. Genet. B Neu-
ropsychiatr. Genet. 153B, 438–446.
doi:10.1002/ajmg.b.30998
Canu, E., Boccardi, M., Ghidoni,
R., Benussi, L., Duchesne, S.,
Testa, C., et al. (2009). HOXA1
A218G polymorphism is associ-
ated with smaller cerebellar volume
in healthy humans. J. Neuroimag-
ing 19, 353–358. doi:10.1111/j.1552-
6569.2008.00326.x
Carter, A. S., Black, D. O., Tewani,
S., Connolly, C. E., Kadlec, M.
B., and Tager-Flusberg, H. (2007).
Sex differences in toddlers with
autism spectrum disorders. J. Autism
Dev. Disord. 37, 86–97. doi:10.1007/
s10803-006-0331-7
Carter, J. C., Lanham, D. C., Pham, D.,
Bibat, G., Naidu, S., and Kaufmann,
W. E. (2008a). Selective cerebral vol-
ume reduction in Rett syndrome:
a multiple-approach MR imaging
study. AJNR Am. J. Neuroradiol. 29,
436–441. doi:10.3174/ajnr.A0857
Carter, J. C., Capone, G. T., and
Kaufmann, W. E. (2008b). Neu-
roanatomic correlates of autism
and stereotypy in children with
Down syndrome. Neuroreport
19, 653–656. doi:10.1097/WNR.
0b013e3282faa8d8
Cascio, C. J., Moana, E. J., Guest, S.,
Nebel, M. B., Weisner, J., Baranek,
G. T., et al. (2012). Perceptual and
neural response to affective tactile
texture stimulation in adults with
autism spectrum disorders. Autism
Res. 5, 231–244. doi:10.1002/aur.
1224
Catarino, A., Luke, L., Waldman, S.,
Andrade,A., Fletcher, P. C., and Ring,
H. (2011). An fMRI investigation of
detection of semantic incongruities
in autistic spectrum conditions. Eur.
J. Neurosci. 33, 558–567. doi:10.
1111/j.1460-9568.2010.07503.x
Center for Disease Control and Preven-
tion. (2012). Prevalence of autism
spectrum disorders – Autism and
developmental disabilities monitor-
ing network, 14 Sites, United States,
2006. MMWR Surveill. Summ. 61,
1–29.
Cicchetti, D., and Rogosch, F. A.
(1996). Equifinality and multifinal-
ity in developmental psychopathol-
ogy. Dev. Psychopathol. 8, 597–600.
doi:10.1017/S0954579400007318
Cohen, I. L., Liu, X., Schutz, C., White,
B. N., Jenkins, E. C., Brown, W. T.,
et al. (2003). Association of autism
severity with a monoamine oxidase
A functional polymorphism. Clin.
Genet. 64, 190–197. doi:10.1034/j.
1399-0004.2003.00115.x
Constantino, J. N. (2011). The quan-
titative nature of autistic social
impairment. Pediatr. Res. 69(5
Pt 2), 55R–62R. doi:10.1203/PDR.
0b013e318212ec6e
Corbett, B. A., Carmean, V., Ravizza, S.,
Wendelken, C., Henry, M. L., Carter,
C., et al. (2009). A functional and
structural study of emotion and face
processing in children with autism.
Psychiatr. Res. 173, 196–205. doi:10.
1016/j.pscychresns.2008.08.005
Courchesne, E., Campbell, K., and Solso,
S. (2011). Brain growth across the
life span in autism: age-specific
changes in anatomical pathology.
Brain Res. 1380, 138–145. doi:10.
1016/j.brainres.2010.09.101
Crucian, G. P., and Berenbaum,
S. A. (1998). Sex differences
in right hemisphere tasks.
Brain Cogn. 36, 377–389.
doi:10.1006/brcg.1998.0999
Davis, L. K., Hazlett, H. C., Librant,
A. L., Nopoulos, P., Sheffield, V.
C., Piven, J., et al. (2008). Corti-
cal enlargement in autism is associ-
ated with a functional VNTR in the
monoamine oxidase A gene. Am. J.
Med. Genet. B Neuropsychiatr. Genet.
147B, 1145–1151. doi:10.1002/ajmg.
b.30738
de Bruin, E., Ferdinand, R., Meester,
S., de Nijs, P., and Verheij, F.
(2007). High rates of psychiatric co-
morbidity in PDD-NOS. J. Autism
Dev. Disord. 37, 877–886. doi:10.
1007/s10803-006-0215-x
De Fosse, L., Hodge, S. M., Makris,
N., Kennedy, D. N., Caviness, V. S.,
McGrath, L., et al. (2004). Language-
association cortex asymmetry in
autism and specific language impair-
ment. Ann. Neurol. 56, 757–766. doi:
10.1002/ana.20275
Dennis, E. L., Jahanshad, N., Rudie, J. D.,
Brown, J. A., Johnson, K., McMahon,
K. L., et al. (2011). Altered structural
brain connectivity in healthy carri-
ers of the autism risk gene, CNT-
NAP2. Brain Connect. 1, 447–459.
doi:10.1089/brain.2011.0064
Di Martino, A., Ross, K., Uddin, L.
Q., Sklar, A. B., Castellanos, F. X.,
and Milham, M. P. (2009). Func-
tional brain correlates of social and
nonsocial processes in autism spec-
trum disorders: an activation likeli-
hood estimation meta-analysis. Biol.
Psychiatry 65, 63–74. doi:10.1016/j.
biopsych.2008.09.022
Di Martino, A., Yan, C. G., Li, Q.,
Denio, E., Castellanos, F. X., Alaerts,
K., et al. (2013). The autism brain
imaging data exchange: towards a
large-scale evaluation of the intrin-
sic brain architecture in autism. Mol.
Psychiatry. doi:10.1038/mp.2013.78.
[Epub ahead of print].
Dickstein, D. P., Pescosolido, M. F.,
Reidy, B. L., Galvan, T., Kim, K.
L., Seymour, K. E., et al. (2013).
Developmental meta-analysis of the
functional neural correlates of
autism spectrum disorders. J. Am.
Acad. Child Adolesc. Psychiatry 52,
279e–289e. doi:10.1016/j.jaac.2012.
12.012
Dronkers, N. F., Plaisant, O., Iba-Zizen,
M. T., and Cabanis, E. A. (2007).
Paul Broca’s historic cases: high res-
olution MR imaging of the brains
of Leborgne and Lelong. Brain
130, 1432–1441. doi:10.1093/brain/
awm042
Dworzynski, K., Ronald, A., Bolton, P.,
and Happe, F. (2012). How differ-
ent are girls and boys above and
below the diagnostic threshold for
autism spectrum disorders? J. Am.
Acad. Child Adolesc. Psychiatry 51,
788–797. doi:10.1016/j.jaac.2012.05.
018
Dziobek, I., Fleck, S., Rogers, K., Wolf,
O. T., and Convit, A. (2006). The
‘amygdala theory of autism’ revis-
ited: Linking structure to behavior.
Neuropsychologia 44, 1891–1899.
doi:10.1016/j.neuropsychologia.
2006.02.005
Ecker, C., Marquand, A., Mourao-
Miranda, J., Johnston, P., Daly, E.
M., Brammer, M. J., et al. (2010).
Describing the brain in autism in five
dimensions – Magnetic resonance
imaging-assisted diagnosis of autism
spectrum disorder using a multipa-
rameter classification approach. J.
Neurosci. 30, 10612–10623. doi:10.
1523/JNEUROSCI.5413-09.2010
Ecker, C., Suckling, J., Deoni, S. C.,
Lombardo, M. V., Bullmore, E.,
Baron-Cohen, S., et al. (2012). Brain
anatomy and its relationship to
behavior in adults with autism spec-
trum disorder: a multicenter mag-
netic resonance imaging study. Arch.
Gen. Psychiatry 69, 195–209. doi:10.
1001/archgenpsychiatry.2011.1251
Eickhoff, S. B., Laird, A. R., Grefkes,
C., Wang, L. E., Zilles, K., and Fox,
P. T. (2009). Activation likelihood
estimation meta-analysis of neu-
roimaging data: a random-effects
approach based on empirical esti-
mates of spatial uncertainty. Hum.
Brain Mapp. 30, 2907–2926. doi:10.
1002/hbm.20718
Eussen, M. L., Van Gool, A. R., Verheij,
F., De Nijs, P. F., Verhulst, F. C., and
Greaves-Lord, K. (2012). The asso-
ciation of quality of social relations,
symptom severity and intelligence
with anxiety in children with autism
spectrum disorders. Autism. doi:10.
1177/1362361312453882
Eyler, L. T., Pierce, K., and Courchesne,
E. (2012). A failure of left temporal
cortex to specialize for language is
an early emerging and fundamental
property of autism. Brain 135(Pt 3),
949–960. doi:10.1093/brain/awr364
Fisher, S. E., Lai, C. S., and Monaco, A.
P. (2003). Deciphering the genetic
basis of speech and language dis-
orders. Annu. Rev. Neurosci. 26,
57–80. doi:10.1146/annurev.neuro.
26.041002.131144
Fombonne, E. (2003). Epidemiologi-
cal surveys of autism and other
pervasive developmental disorders:
an update. J. Autism Dev. Dis-
ord. 33, 365–382. doi:10.1023/A:
1024470920898
Fombonne, E. (2009). Epidemiology of
pervasive developmental disorders.
Pediatr. Res. 65, 591–598. doi:10.
1203/PDR.0b013e31819e7203
Gadow, K. D., Devincent, C. J., Pomeroy,
J., and Azizian, A. (2005). Compar-
ison of DSM-IV symptoms in ele-
mentary school-age children with
PDD versus clinic and community
samples. Autism 9, 392–415. doi:10.
1177/1362361305056079
Gallagher, A., and Hallahan, B. (2012).
Fragile X-associated disorders: a
clinical overview. J. Neurol. 259,
401–413. doi:10.1007/s00415-011-
6161-3
Garber, H. J., Ritvo, E. R., Chiu, L. C.,
Griswold, V. J., Kashanian, A., Free-
man, B. J., et al. (1989). A mag-
netic resonance imaging study of
autism: normal fourth ventricle size
and absence of pathology. Am. J. Psy-
chiatry 146, 532–534.
Gargaro, B. A., Rinehart, N. J., Brad-
shaw, J. L., Tonge,B. J., and Sheppard,
D. M. (2011). Autism and ADHD:
how far have we come in the comor-
bidity debate? Neurosci. Biobehav.
Rev. 35, 1081–1088. doi:10.1016/j.
neubiorev.2010.11.002
Georgiades, S., Szatmari, P., and Boyle,
M. (2013). Importance of studying
heterogeneity in autism. Neuropsy-
chiatry 3, 123–125. doi:10.2217/npy.
13.8
Gervais, H., Belin, P., Boddaert, N.,
Leboyer, M., Coez, A., Sfaello, I., et
al. (2004). Abnormal cortical voice
processing in autism. Nat. Neurosci.
7, 801–802. doi:10.1038/nn1291
Geschwind, D. H. (2009). Advances
in autism. Annu. Rev. Med. 60,
367–380. doi:10.1146/annurev.med.
60.053107.121225
Geschwind, D. H., and Levitt, P. (2007).
Autism spectrum disorders: devel-
opmental disconnection syndromes.
Frontiers in Human Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 733 | 12
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lenroot and Yeung Heterogeneity in neuroimaging studies of autism
Curr. Opin. Neurobiol. 17, 103–111.
doi:10.1016/j.conb.2007.01.009
Goldstein, S., and Schwebach, A.
(2004). The comorbidity of per-
vasive developmental disorder and
attention deficit hyperactivity dis-
order: results of a retrospective
chart review. J. Autism Dev. Disord.
34, 329–339. doi:10.1023/B:JADD.
0000029554.46570.68
Greimel, E., Schulte-Ruther, M., Kircher,
T., Kamp-Becker, I., Remschmidt,
H., Fink, G. R., et al. (2010). Neural
mechanisms of empathy in ado-
lescents with autism spectrum dis-
order and their fathers. Neuroim-
age 49, 1055–1065. doi:10.1016/j.
neuroimage.2009.07.057
Groen, W., Teluij, M., Buitelaar, J.,
and Tendolkar, I. (2010). Amygdala
and Hippocampus enlargement
during adolescence in Autism. J.
Am. Acad. Child Adolesc. Psychiatry
49, 552–560. doi:10.1016/j.jaac.
2009.12.023
Hagerman, R. H., Hoem, G., and
Hagerman, P. (2010). Fragile X and
autism: intertwined at the molecular
level leading to targeted treatments.
Mol. Autism 1, doi:10.1186/2040-
2392-1-12
Hansen, R. L., Ozonoff, S., Krakowiak,
P., Angkustsiri, K., Jones, C., Deprey,
L. J., et al. (2008). Regression
in autism: prevalence and associ-
ated factors in the CHARGE study.
Ambul. Pediatr. 8, 25–31. doi:10.
1016/j.ambp.2007.08.006
Hardan, A. Y., Kilpatrick, M., Keshavan,
M. S., and Minshew, N. J. (2003).
Motor performance and anatomic
magnetic resonance imaging (MRI)
of the basal ganglia in autism. J.
Child Neurol. 18, 317–324. doi:10.
1177/08830738030180050801
Hardan, A. Y., Minshew, N. J., Melhem,
N. M., Srihari, S., Jo, B., Bansal, R.,
et al. (2008a). An MRI and pro-
ton spectroscopy study of the thala-
mus in children with autism. Psychi-
atr. Res. 163, 97–105. doi:10.1016/j.
pscychresns.2007.12.002
Hardan, A. Y., Girgis, R. R., Adams,
J., Gilbert, A. R., Melhem, N. M.,
Keshavan, M. S., et al. (2008b).
Brief report: abnormal association
between the thalamus and brain size
in Asperger’s disorder. J. Autism Dev.
Disord. 38, 390–394. doi:10.1007/
s10803-007-0385-1
Hartley, S. L., and Sikora, D. M.
(2009). Sex differences in autism
spectrum disorder: an examination
of developmental functioning, autis-
tic symptoms, and coexisting behav-
ior problems in toddlers. J. Autism
Dev. Disord. 39, 1715–1722. doi:10.
1007/s10803-009-0810-8
Hazlett, H. C., Poe, M. D., Lightbody,
A. A., Gerig, G., MacFall, J. R., Ross,
A. K., et al. (2009). Teasing apart
the heterogeneity of autism: same
behavior, different brains in toddlers
with fragile X syndrome and autism.
J. Neurodev. Disord. 1, 81–90. doi:10.
1007/s11689-009-9009-8
Hazlett, H. C., Poe, M. D., Lightbody, A.
A., Styner, M., MacFall, J. R., Reiss, A.
L., et al. (2012). Trajectories of early
brain volume development in frag-
ile X syndrome and autism. J. Am.
Acad. Child Adolesc. Psychiatry 51,
921–933. doi:10.1016/j.jaac.2012.07.
003
Hedrick, A., Lee, Y., Wallace, G. L.,
Greenstein, D., Clasen, L., Giedd, J.
N., et al. (2012). Autism risk gene
MET variation and cortical thick-
ness in typically developing chil-
dren and adolescents. Autism Res. 5,
434–439. doi:10.1002/aur.1256
Herbert, M. R. (2010). Contributions
of the environment and environ-
mentally vulnerable physiology to
autism spectrum disorders. Curr.
Opin. Neurol. 23, 103–110. doi:10.
1097/WCO.0b013e328336a01f
Herbert, M. R., Harris, G. J., Adrien,
K. T., Ziegler, D. A., Makris, N.,
Kennedy, D. N., et al. (2002). Abnor-
mal asymmetry in language associ-
ation cortex in autism. Ann. Neurol.
52, 588–596. doi:10.1002/ana.10349
Herbert, M. R., Ziegler, D. A., Deutsch,
C. K., O’Brien, L. M., Kennedy, D.
N., Filipek, P. A., et al. (2005). Brain
asymmetries in autism and develop-
mental language disorder: a nested
whole-brain analysis. Brain 128,
213–226. doi:10.1093/brain/awh330
Herlitz,A.,Nilsson,L.-G., and Bäckman,
L. (1997). Gender differences in
episodic memory. Mem. Cognit. 25,
801–811. doi:10.3758/BF03211324
Hilton, C. L., Harper, J. D., Kueker,
R. H., Lang, A. R., Abbacchi, A.
M., Todorov, A., et al. (2010). Sen-
sory responsiveness as a predictor
of social severity in children with
high functioning autism spectrum
disorders. J. Autism Dev. Disord. 40,
937–945. doi:10.1007/s10803-010-
0944-8
Hoeft, F., Walter, E., Lightbody, A. A.,
Hazlett, H. C., Chang, C., Piven,
J., et al. (2011). Neuroanatom-
ical differences in toddler boys
with fragile x syndrome and idio-
pathic autism. Arch. Gen. Psy-
chiatry 68, 295–305. doi:10.1001/
archgenpsychiatry.2010.153
Hollander, E., Anagnostou, E., Chaplin,
W., Esposito, K., Haznedar, M. M.,
Licalzi, E., et al. (2005). Striatal
volume on magnetic resonance
imaging and repetitive behaviors
in autism. Biol. Psychiatry 58,
226–232. doi:10.1016/j.biopsych.
2005.03.040
Horder, J., and Murphy, D. G. M. (2012).
Recent advances in neuroimaging in
autism. Neuropsychiatry 2, 221–229.
doi:10.2217/npy.12.25
Howard, M. A., Cowell, P. E., Boucher, J.,
Broks, P., Mayes, A., Farrant, A., et al.
(2000). Convergent neuroanatomi-
cal and behavioural evidence of an
amygdala hypothesis of autism. Neu-
roreport 11, 2931–2935.
Hrdlicka, M., Dudova, I., Beranova, I.,
Lisy, J., Belsan, T., Neuwirth, J., et
al. (2005). Subtypes of autism by
cluster analysis based on structural
MRI data. Eur. Child Adolesc. Psy-
chiatry 14, 138–144. doi:10.1007/
s00787-005-0453-z
Hyman, S. E. (2010). The diagno-
sis of mental disorders: the prob-
lem of reification. Annu. Rev. Clin.
Psychol. 6, 155–179. doi:10.1146/
annurev.clinpsy.3.022806.091532
Inoue, H., Yamasue, H., Tochigi,
M., Abe, O., Liu, X., Kawa-
mura, Y., et al. (2010). Associa-
tion between the oxytocin recep-
tor gene and amygdalar volume in
healthy adults. Biol. Psychiatry 68,
1066–1072. doi:10.1016/j.biopsych.
2010.07.019
Insel, T., Cuthbert, B., Garvey, M.,
Heinssen, R., Pine, D. S., Quinn, K.,
et al. (2010). Research domain cri-
teria (RDoC): toward a new classi-
fication framework for research on
mental disorders. Am. J. Psychiatry
167, 748–751. doi:10.1176/appi.ajp.
2010.09091379
Jou, R. J., Minshew, N. J., Melhem, N.
M., Keshavan, M. S., and Hardan,
A. Y. (2009). Brainstem volumetric
alterations in children with autism.
Psychol. Med. 39, 1347–1354. doi:10.
1017/S0033291708004376
Judson, M. C., Bergman, M. Y., Camp-
bell, D. B., Eagleson, K. L., and Levitt,
P. (2009). Dynamic gene and protein
expression patterns of the autism-
associated met receptor tyrosine
kinase in the developing mouse fore-
brain. J. Comp. Neurol. 513, 511–531.
doi:10.1002/cne.21969
Juranek, J., Filipek, P. A., Berenji, G. R.,
Modahl, C., Osann, K., and Spence,
M. A. (2006). Association between
amygdala volume and anxiety level:
magnetic resonance imaging (MRI)
study in autistic children. J. Child
Neurol. 21, 1051–1058. doi:10.1177/
7010.2006.00237
Just, M. A., Cherkassky, V. L., Keller,
T. A., and Minshew, N. J. (2004).
Cortical activation and synchro-
nization during sentence com-
prehension in high-functioning
autism: evidence of undercon-
nectivity. Brain 127, 1811–1821.
doi:10.1093/brain/awh199
Just, M. A., Keller, T. A., Malave, V. L.,
Kana, R. K., and Varma, S. (2012).
Autism as a neural systems disor-
der: a theory of frontal-posterior
underconnectivity. Neurosci. Biobe-
hav. Rev. 36, 1292–1313. doi:10.
1016/j.neubiorev.2012.02.007
Kaiser, M. D., Hudac, C. M., Shultz,
S., Lee, S. M., Cheung, C., Berken,
A. M., et al. (2010). Neural signa-
tures of autism. Proc. Natl. Acad.
Sci. U.S.A. 107,21223–21228. doi:10.
1073/pnas.1010412107
Kanner, L. (1968). Autistic disturbances
of affective contact. Acta Paedopsy-
chiatr. 35, 100–136.
Kaufmann, W. E., Cooper, K. L.,
Mostofsky, S. H., Capone, G. T.,
Kates, W. R., Newschaffer, C. J.,
et al. (2003). Specificity of cere-
bellar vermian abnormalities in
autism: a quantitative magnetic res-
onance imaging study. J. Child
Neurol. 18, 463–470. doi:10.1177/
08830738030180070501
Kendler, K. S. (2012). Levels of explana-
tion in psychiatric and substance use
disorders: implications for the devel-
opment of an etiologically based
nosology. Mol. Psychiatry 17, 11–21.
doi:10.1038/mp.2011.70
Kleinhans, N. M., Richards, T., Weaver,
K., Johnson, L. C., Greenson, J.,
Dawson, G., et al. (2010). Associa-
tion between amygdala response to
emotional faces and social anxiety
in autism spectrum disorders.
Neuropsychologia 48, 3665–3670.
doi:10.1016/j.neuropsychologia.
2010.07.022
Knaus, T. A., Silver, A. M., Dominick,
K. C., Schuring, M. D., Shaffer, N.,
Lindgren, K. A., et al. (2009). Age-
related changes in the anatomy of
language regions in autism spec-
trum disorder. Brain Imaging Behav.
3, 51–63. doi:10.1007/s11682-008-
9048-x
Kozaki, T., and Yasukouchi, A.
(2009). Sex differences on com-
ponents of mental rotation at
different menstrual phases.
Int. J. Neurosci. 119, 59–67.
doi:10.1080/00207450802480101
Kozlowski, A. M., Matson, J. L., and
Sipes, M. (2012). Differences in chal-
lenging behaviors between children
with high functioning autism and
Asperger’s disorder. J. Dev. Phys.
Disabil. 24, 359–371. doi:10.1007/
s10882-012-9275-3
Lai, M. C., Lombardo, M. V., Suckling,
J., Ruigrok, A. N., Chakrabarti, B.,
Ecker, C., et al. (2013a). Biologi-
cal sex affects the neurobiology of
Frontiers in Human Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 733 | 13
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lenroot and Yeung Heterogeneity in neuroimaging studies of autism
autism. Brain 136(Pt 9), 2799–2815.
doi:10.1093/brain/awt216
Lai, M. C., Lombardo, M. V.,
Chakrabarti, B., and Baron-
Cohen, S. (2013b). Subgrouping
the autism “spectrum”: reflections
on DSM-5. PLoS Biol. 11:e1001544.
doi:10.1371/journal.pbio.1001544
Langen, M., Leemans, A., Johnson, P.,
Ecker, C., Daly, E., Murphy, C., et al.
(2012). Fronto-striatal circuitry and
inhibitory control in autism: find-
ings from diffusion tensor imaging
tractography. Cortex 48, 183–193.
doi:10.1016/j.cortex.2011.05.018
Langen, M., Schnack, H. G., Nederveen,
H., Bos, D., Lahuis, B. E., de Jonge,
M. V., et al. (2009). Changes in
the developmental trajectories of
striatum in autism. Biol. Psychiatry
66, 327–333. doi:10.1016/j.biopsych.
2009.03.017
Levitt, P., and Campbell, D. B. (2009).
The genetic and neurobiologic com-
pass points toward common sig-
naling dysfunctions in autism spec-
trum disorders. J. Clin. Invest. 119,
747–754. doi:10.1172/JCI37934
Lombardo, M. V., Chakrabarti, B., Bull-
more, E. T., Baron-Cohen, S., and
Consortium, M. A. (2011). Spe-
cialization of right temporo-parietal
junction for mentalizing and its rela-
tion to social impairments in autism.
Neuroimage 56, 1832–1838. doi:10.
1016/j.neuroimage.2011.02.067
Lord, C., and Jones, R. M. (2012).
Annual research review: re-thinking
the classification of autism spectrum
disorders. J. Child Psychol. Psychia-
try 53, 490–509. doi:10.1111/j.1469-
7610.2012.02547.x
Lord, C., Risi, S., Lambrecht, L., Cook,
E. H., Leventhal, B. L., DiLavore, P.
C., et al. (2000). The autism diagnos-
tic observation schedule-generic: a
standard measure of social and com-
munication deficits associated with
the spectrum of autism. J. Autism
Dev. Disord. 30, 205–223. doi:10.
1023/A:1005592401947
Lord, C., Rutter, M., and Le Cou-
teur, A. (1994). Autism diagnostic
interview-revised: a revised version
of a diagnostic interview for care-
givers of individuals with possible
pervasive developmental disorders.
J. Autism Dev. Disord. 24, 659–685.
doi:10.1007/BF02172145
Lord, C., Schopler, E., and Revicki, D.
(1982). Sex differences in autism.
J. Autism Dev. Disord. 12, 317–330.
doi:10.1007/BF01538320
Lotspeich, L., Kwon, H., Schumann, C.
M., Fryer, S. L., Goodlin-Jones, B.
L., Buonocore, M. H., et al. (2004).
Investigation of neuroanatomical
differences between autism and
Asperger syndrome. Arch. Gen. Psy-
chiatry 61, 291–298. doi:10.1001/
archpsyc.61.3.291
Lowenthal, R., Paula, C. S., Schwartz-
man, J. S., Brunoni, D., and Mer-
cadante, M. T. (2007). Prevalence
of pervasive developmental disorder
in Down’s syndrome. J. Autism Dev.
Disord. 37, 1394–1395. doi:10.1007/
s10803-007-0374-4
Lundstrom, S., Chang, Z., Rastam,
M., Gillberg, C., Larsson, H.,
Anckarsater, H., et al. (2012). Autism
spectrum disorders and autistic like
traits: similar etiology in the extreme
end and the normal variation. Arch.
Gen. Psychiatry 69, 46–52. doi:10.
1001/archgenpsychiatry.2011.144
Mandy, W., Chilvers, R., Chowdhury,
U., Salter, G., Seigal, A., and Skuse,
D. (2012). Sex differences in autism
spectrum disorder: evidence from
a large sample of children and
adolescents. J. Autism Dev. Disord.
42, 1304–1313. doi:10.1007/s10803-
011-1356-0
Manes, F., Piven, J., Vrancic, D., Nan-
clares, V., Plebst, C., and Starkstein,
S. E. (1999). An MRI study of the
corpus callosum and cerebellum in
mentally retarded autistic individu-
als. J. Neuropsychiatry Clin. Neurosci.
11, 470–474.
Matson, J. L., and Williams, L. W.
(2013). Differential diagnosis and
comorbidity: distinguishing autism
from other mental health issues.
Neuropsychiatry 3, 233–243. doi:10.
2217/npy.13.1
McAlonan, G. M., Cheung, V., Cheung,
C., Suckling, J., Lam, G. Y., Tai, K.
S., et al. (2005). Mapping the brain
in autism. A voxel-based MRI study
of volumetric differences and inter-
correlations in autism. Brain 128,
268–276. doi:10.1093/brain/awh332
Meguid, N., Fahim, C., Yoon, U.,
Nashaat, N. H., Ibrahim, A.
S., Mancini-Marie, A., et al.
(2010). Brain morphology in
autism and fragile X syndrome
correlates with social IQ: first
report from the Canadian-Swiss-
Egyptian neurodevelopmental
study. J. Child Neurol. 25, 599–608.
doi:10.1177/0883073809341670
Mody, M., Manoach, D. S., Guen-
ther, F. H., Kenet, T., Bruno, K.
A., McDougle, C. J., et al. (2013).
Speech and language in autism spec-
trum disorder: a view through the
lens of behavior and brain imaging.
Neuropsychiatry 3, 223–232. doi:10.
2217/npy.13.19
Moreno-De-Luca, A., Myers, S. M.,
Challman, T. D., Moreno-De-Luca,
D., Evans, D. W., and Ledbetter,
D. H. (2013). Developmental brain
dysfunction: revival and expan-
sion of old concepts based on
new genetic evidence. Lancet Neu-
rol. 12, 406–414. doi:10.1016/S1474-
4422(13)70011-5
Mosconi, M. W., Cody-Hazlett, H., Poe,
M. D., Gerig, G., Gimpel-Smith,
R., and Piven, J. (2009). Longitudi-
nal study of amygdala volume and
joint attention in 2- to 4-year-old
children with autism. Arch. Gen. Psy-
chiatry 66, 509–516. doi:10.1001/
archgenpsychiatry.2009.19
Moss, J., and Howlin, P. (2009). Autism
spectrum disorders in genetic syn-
dromes: implications for diagno-
sis, intervention and understand-
ing the wider autism spectrum dis-
order population. J. Intellect. Dis-
abil. Res. 53, 852–873. doi:10.1111/
j.1365-2788.2009.01197.x
Muller, R. A., Shih, P., Keehn, B., Deyoe,
J. R., Leyden, K. M., and Shukla, D. K.
(2011). Underconnected, but how?
A survey of functional connectivity
MRI studies in autism spectrum dis-
orders. Cereb. Cortex 21, 2233–2243.
doi:10.1093/cercor/bhq296
Murphy, K. C., Jones, L. A., and Owen,
M. J. (1999). High rates of schizo-
phrenia in adults with velo-cardio-
facial syndrome. Arch. Gen. Psy-
chiatry 56, 940–945. doi:10.1001/
archpsyc.56.10.940
Nacewicz, B. M., Dalton, K. M., John-
stone, T., Long, M. T., McAuliff, E.
M., Oakes, T. R., et al. (2006). Amyg-
dala volume and nonverbal social
impairment in adolescent and adult
males with autism. Arch. Gen. Psy-
chiatry 63, 1417–1428. doi:10.1001/
archpsyc.63.12.1417
Naidu, S., Kaufmann, W. E., Abrams,
M. T., Pearlson, G. D., Lan-
ham, D. C., Fredericksen, K. A.,
et al. (2001). Neuroimaging stud-
ies in Rett syndrome. Brain Dev.
23(Suppl. 1), S62–S71. doi:10.1016/
S0387-7604(01)00381-3
Neul, J. L. (2012). The relationship of
Rett syndrome and MECP2 disor-
ders to autism. Dialogues Clin. Neu-
rosci. 14, 253–262.
Nordahl, C. W., Braunschweig, D., Iosif,
A. M., Lee, A., Rogers, S., Ashwood,
P., et al. (2013). Maternal autoan-
tibodies are associated with abnor-
mal brain enlargement in a sub-
group of children with autism spec-
trum disorder. Brain Behav. Immun.
30, 61–65. doi:10.1016/j.bbi.2013.
01.084
Nordahl, C. W., Dierker, D., Mostafavi,
I., Schumann, C. M., Rivera, S.
M., Amaral, D. G., et al. (2007).
Cortical folding abnormalities
in autism revealed by surface-
based morphometry. J. Neurosci.
27, 11725–11735. doi:10.1523/
JNEUROSCI.0777-07.2007
Nordahl, C. W., Lange, N., Li, D. D.,
Barnett, L. A., Lee, A., Buonocore,
M. H., et al. (2011). Brain enlarge-
ment is associated with regression
in preschool-age boys with autism
spectrum disorders. Proc. Natl. Acad.
Sci. U.S.A. 108,20195–20200. doi:10.
1073/pnas.1107560108
Nordahl, C. W., Scholz, R., Yang, X. W.,
Buonocore,M. H.,Simon,T.,Rogers,
S., et al. (2012). Increased rate of
amygdala growth in children aged
2 to 4 years with autism spectrum
disorders a longitudinal study. Arch.
Gen. Psychiatry 69, 53–61. doi:10.
1001/archgenpsychiatry.2011.145
Parsons, T. D., Larson, P., Kratz,
K., Thiebaux, M., Bluestein, B.,
Buckwalter, J. G., et al. (2004).
Sex differences in mental rota-
tion and spatial rotation in a vir-
tual environment. Neuropsycholo-
gia 42, 555–562. doi:10.1016/j.
neuropsychologia.2003.08.014
Pelphrey, K. A., Morris, J. P., and
McCarthy, G. (2005). Neural basis
of eye gaze processing deficits in
autism. Brain 128, 1038–1048. doi:
10.1093/brain/awh404
Pelphrey, K. A., Shultz, S., Hudac, C.
M., and Vander Wyk, B. C. (2011).
Research review: constraining het-
erogeneity: the social brain and its
development in autism spectrum
disorder. J. Child Psychol. Psychia-
try 52, 631–644. doi:10.1111/j.1469-
7610.2010.02349.x
Pessoa, L. (2010). Emotion and cogni-
tion and the amygdala: from“what is
it?”to“what’s to be done?”Neuropsy-
chologia 48,3416–3429. doi:10.1016/
j.neuropsychologia.2010.06.038
Peterson, B. S., Thomas, P., Kane, M.
J., Scahill, L., Zhang, H., Bronen, R.,
et al. (2003). Basal ganglia volumes
in patients with Gilles de la Tourette
Syndrome. Arch. Gen. Psychiatry 60,
415–424. doi:10.1001/archpsyc.60.4.
415
Philip, R. C. M., Dauvermann, M. R.,
Whalley, H. C., Baynham, K., Lawrie,
S. M., and Stanfield, A. C. (2012). A
systematic review and meta-analysis
of the fMRI investigation of autism
spectrum disorders. Neurosci. Biobe-
hav. Rev. 36, 901–942. doi:10.1016/j.
neubiorev.2011.10.008
Pinkham, A. E., Hopfinger, J. B.,
Pelphrey, K. A., Piven, J., and Penn,
D. L. (2008). Neural bases for
impaired social cognition in schiz-
ophrenia and autism spectrum dis-
orders. Schizophr. Res. 99, 164–175.
doi:10.1016/j.schres.2007.10.024
Piven, J.,Arndt, S., Bailey, J., Havercamp,
S., Andreasen, N. C., and Palmer,
Frontiers in Human Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 733 | 14
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lenroot and Yeung Heterogeneity in neuroimaging studies of autism
P. (1995). An MRI study of brain
size in autism. Am. J. Psychiatry 152,
1145–1149.
Planche, P., and Lemonnier, E.
(2012). Children with high-
functioning autism and Asperger’s
syndrome: can we differenti-
ate their cognitive profiles? Res.
Autism Spectr. Disord. 6, 939–948.
doi:10.1016/j.rasd.2011.12.009
Predescu, E., Sipos, P., Sipos, R., Iftene,
F., and Balazsi, R. (2010). Brain vol-
umes in autism and developmental
delay – a MRI study. J. Cogn. Behav.
Psychother. 10, 25–38.
Radua, J., Via, E., Catani, M., and
Mataix-Cols, D. (2011). Voxel-
based meta-analysis of regional
white-matter volume differ-
ences in autism spectrum dis-
order versus healthy controls.
Psychol. Med. 41, 1539–1550.
doi:10.1017/S0033291710002187
Rapoport, J. L., Giedd, J. N., and Gog-
tay, N. (2012). Neurodevelopmen-
tal model of schizophrenia: update
2012. Mol. Psychiatry 17, 1228–1238.
doi:10.1038/mp.2012.23
Raznahan, A., Lee, Y., Vaituzis, C., Tran,
L., Mackie, S., Tiemeier, H., et al.
(2012). Allelic variation within the
putative autism spectrum disorder
risk gene homeobox A1 and cerebel-
lar maturation in typically develop-
ing children and adolescents. Autism
Res. 5, 93–100. doi:10.1002/aur.238
Raznahan, A., Lenroot, R., Thurm, A.,
Gozzi, M., Hanley, A., Spence, S.
J., et al. (2013a). Mapping corti-
cal anatomy in preschool aged chil-
dren with autism using surface-
based morphometry. Neuroimage 2,
111–119. doi:10.1016/j.nicl.2012.10.
005
Raznahan, A., Wallace, G. L., Antezana,
L., Greenstein, D., Lenroot, R.,
Thurm, A., et al. (2013b). Compared
to what? Early brain overgrowth in
autism and the perils of population
norms. Biol. Psychiatry 74, 563–575.
doi:10.1016/j.biopsych.2013.03.022
Raznahan, A., Toro, R., Proitsi, P., Pow-
ell, J., Paus, T., Bolton, F. P., et al.
(2009). A functional polymorphism
of the brain derived neurotrophic
factor gene and cortical anatomy in
autism spectrum disorder. J. Neu-
rodev. Disord. 1, 215–223. doi:10.
1007/s11689-009-9012-0
Redcay, E., and Courchesne, E. (2005).
When is the brain enlarged in
autism? A meta-analysis of all brain
size reports. Biol. Psychiatry 58, 1–9.
doi:10.1016/j.biopsych.2005.03.026
Redcay, E., and Courchesne, E. (2008).
Deviant functional magnetic res-
onance imaging patterns of brain
activity to speech in 2-3-year-old
children with autism spectrum
disorder. Biol. Psychiatry 64,
589–598. doi:10.1016/j.biopsych.
2008.05.020
Reddy, K. S. (2005). Cytogenetic abnor-
malities and fragile-X syndrome
in autism spectrum disorder. BMC
Med. Genet. 6:3. doi:10.1186/1471-
2350-6-3
Riva, D., Bulgheroni, S., Aquino, D., Di
Salle, F., Savoiardo, M., and Erbetta,
A. (2011). Basal forebrain involve-
ment in low-functioning autistic
children: a voxel-based morphom-
etry study. Am. J. Neuroradiol. 32,
1430–1435. doi:10.3174/ajnr.A2527
Robinson, E. B., Koenen, K. C.,
McCormick, M. C., Munir, K., Hal-
lett, V., Happe, F., et al. (2011). Evi-
dence that autistic traits show the
same etiology in the general popula-
tion and at the quantitative extremes
(5%, 2.5%, and 1%). Arch. Gen. Psy-
chiatry 68, 1113–1121. doi:10.1001/
archgenpsychiatry.2011.119
Rogers, S. J. (2004). Developmental
regression in autism spectrum disor-
ders. Ment. Retard. Dev. Disabil. Res.
Rev. 10, 139–143. doi:10.1002/mrdd.
20027
Rojas, D. C., Bawn, S. D., Benkers,
T. L., Reite, M. L., and Rogers,
S. J. (2002). Smaller left hemi-
sphere planum temporale in adults
with autistic disorder. Neurosci. Lett.
328, 237–240. doi:10.1016/S0304-
3940(02)00521-9
Rojas, D. C., Camou, S. L., Reite, M.
L., and Rogers, S. J. (2005). Planum
temporale volume in children and
adolescents with autism. J. Autism
Dev. Disord. 35, 479–486. doi:10.
1007/s10803-005-5038-7
Rojas, D. C., Peterson, E., Winter-
rowd, E., Reite, M. L., Rogers, S. J.,
and Tregellas, J. R. (2006). Regional
gray matter volumetric changes in
autism associated with social and
repetitive behavior symptoms. BMC
Psychiatry 6:56. doi:10.1186/1471-
244X-6-56
Rommelse, N. N. J., Geurts, H. M.,
Franke, B., Buitelaar, J. K., and
Hartman, C. A. (2011). A review
on cognitive and brain endophe-
notypes that may be common
in autism spectrum disorder and
attention-deficit/hyperactivity dis-
order and facilitate the search for
pleiotropic genes. Neurosci. Biobe-
hav. Rev. 35, 1363–1396. doi:10.
1016/j.neubiorev.2011.02.015
Ronald, A., and Hoekstra, R. A. (2011).
Autism spectrum disorders and
autistic traits: a decade of new twin
studies. Am. J. Med. Genet. B Neu-
ropsychiatr. Genet. 156B, 255–274.
doi:10.1002/ajmg.b.31159
Rosenberg, D. R., Keshavan, M. S.,
O’Hearn, K. M., Dick, E. L., Bag-
well, W. W., Seymour, A. B., et al.
(1997). Frontostriatal measure-
ment in treatment-naive children
with obsessive-compulsive dis-
order. Arch. Gen. Psychiatry 54,
824–830. doi:10.1001/archpsyc.
1997.01830210068007
Rudie, J. D., Hernandez, L. M., Brown,
J. A., Beck-Pancer, D., Colich, N. L.,
Gorrindo, P., et al. (2012). Autism-
associated promoter variant in
MET impacts functional and struc-
tural brain networks. Neuron 75,
904–915. doi:10.1016/j.neuron.
2012.07.010
Rutter, M., Kreppner, J., Croft, C.,
Murin, M., Colvert, E., Beckett, C.,
et al. (2007). Early adolescent out-
comes of institutionally deprived
and non-deprived adoptees. III.
Quasi-autism. J. Child Psychol. Psy-
chiatry 48, 1200–1207. doi:10.1111/
j.1469-7610.2006.01688.x
Sahoo, T., Theisen, A., Rosenfeld, J. A.,
Lamb, A. N., Ravnan, J. B., Schultz,
R. A., et al. (2011). Copy num-
ber variants of schizophrenia sus-
ceptibility loci are associated with
a spectrum of speech and develop-
mental delays and behavior prob-
lems. Genet. Med. 13, 868–880. doi:
10.1097/GIM.0b013e3182217a06
Scarone, S., Colombo, C., Livian, S.,
Abbruzzese, M., Ronchi, P., Locatelli,
M., et al. (1992). Increased right
caudate nucleus size in obsessive-
compulsive disorder: detection with
magnetic resonance imaging. Psy-
chiatr. Res. 45, 115–121. doi:10.1016/
0925-4927(92)90005-O
Schatz, A., Weimer, A., and Trauner,
D. (2002). Brief report: Attention
differences in Asperger syndrome.
J. Autism Dev. Disord. 32, 333–336.
doi:10.1023/A:1016339104165
Schulte-Ruther, M., Greimel, E.,
Markowitsch, H. J., Kamp-Becker,
I., Remschmidt, H., Fink, G.
R., et al. (2011). Dysfunctions
in brain networks supporting
empathy: an fMRI study in
adults with autism spectrum dis-
orders. Soc. Neurosci. 6, 1–21.
doi:10.1080/17470911003708032
Schumann, C. M., Barnes, C. C., Lord,
C., and Courchesne, E. (2009).
Amygdala enlargement in toddlers
with autism related to severity of
social and communication impair-
ments. Biol. Psychiatry 66, 942–949.
doi:10.1016/j.biopsych.2009.07.007
Schumann, C. M., Bloss, C. S., Barnes,
C. C.,Wideman, G. M., Carper, R. A.,
Akshoomoff, N., et al. (2010). Lon-
gitudinal magnetic resonance imag-
ing study of cortical development
through early childhood in autism.
J. Neurosci. 30, 4419–4427. doi:10.
1523/JNEUROSCI.5714-09.2010
Schumann, C. M., Hamstra, J., Goodlin-
Jones, B. L., Lotspeich, L. J., Kwon,
H., Buonocore, M. H., et al. (2004).
The amygdala is enlarged in children
but not adolescents with autism; The
hippocampus is enlarged at all ages.
J. Neurosci. 24, 6392–6401. doi:10.
1523/JNEUROSCI.1297-04.2004
Scott-Van Zeeland, A. A., Abrahams, B.
S., Alvarez-Retuerto, A. I., Sonnen-
blick, L. I., Rudie, J. D., Ghahre-
mani, D., et al. (2010a). Altered func-
tional connectivity in frontal lobe
circuits is associated with variation
in the autism risk gene CNTNAP2.
Sci Transl Med 2, 56ra80. doi:10.
1126/scitranslmed.3001344
Scott-Van Zeeland, A. A., Dapretto, M.,
Ghahremani, D. G., Poldrack, R.
A., and Bookheimer, S. Y. (2010b).
Reward processing in autism. Autism
Res. 3, 53–67. doi:10.1002/aur.122
Shafritz, K. M., Dichter, G. S., Baranek,
G. T., and Belger, A. (2008). The
neural circuitry mediating shifts
in behavioral response and cogni-
tive set in autism. Biol. Psychiatry
63, 974–980. doi:10.1016/j.biopsych.
2007.06.028
Shapleske, J., Rossell, S. L., Woodruff,
P. W. R., and David, A. S. (1999).
The planum temporale: a system-
atic, quantitative review of its struc-
tural, functional and clinical signifi-
cance. Brain Res. Rev. 29, 26–49. doi:
10.1016/S0165-0173(98)00047-2
Shprintzen, R. J. (2008). Velo-cardio-
facial syndrome: 30 Years of study.
Dev. Disabil. Res. Rev. 14, 3–10. doi:
10.1002/ddrr.2
Silver, W. G., and Rapin, I. (2012). Neu-
robiological basis of autism. Pediatr.
Clin. North Am. 59, 45–61. doi:10.
1016/j.pcl.2011.10.010
Simonoff, E., Pickles, A., Charman, T.,
Chandler, S., Loucas, T., and Baird,
G. (2008). Psychiatric disorders in
children with autism spectrum dis-
orders: prevalence, comorbidity, and
associated factors in a population-
derived sample. J. Am. Acad. Child
Adolesc. Psychiatry 47, 921–929. doi:
10.1097/CHI.0b013e318179964f
Skuse, D. H. (2007). Rethinking the
nature of genetic vulnerability to
autistic spectrum disorders. Trends
Genet. 23, 387–395. doi:10.1016/j.
tig.2007.06.003
Sparks, B. F., Friedman, S. D., Shaw,
D. W., Aylward, E. H., Echelard, D.,
Artru, A. A., et al. (2002). Brain
structural abnormalities in young
children with autism spectrum dis-
order. Neurology 59, 184–192. doi:
10.1212/WNL.59.2.184
Frontiers in Human Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 733 | 15
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lenroot and Yeung Heterogeneity in neuroimaging studies of autism
Spencer, M. D., Moorhead, T. M. J.,
Lymer, G. K. S., Job, D. E., Muir, W.
J., Hoare, P., et al. (2006). Structural
correlates of intellectual impairment
and autistic features in adolescents.
Neuroimage 33, 1136–1144. doi:10.
1016/j.neuroimage.2006.08.011
Stanfield, A. C., McIntosh, A. M.,
Spencer, M. D., Philip, R., Gaur,
S., and Lawrie, S. M. (2008).
Towards a neuroanatomy of autism:
a systematic review and meta-
analysis of structural magnetic res-
onance imaging studies. Eur. Psy-
chiatry 23, 289–299. doi:10.1016/j.
eurpsy.2007.05.006
State, M. W., and Sestan, N. (2012).
Neuroscience. The emerging biology
of autism spectrum disorders. Sci-
ence 337, 1301–1303. doi:10.1126/
science.1224989
Stigler, K. A., McDonald, B. C., Anand,
A., Saykin, A. J., and McDougle,
C. J. (2011). Structural and func-
tional magnetic resonance imaging
of autism spectrum disorders. Brain
Res. 1380, 146–161. doi:10.1016/j.
brainres.2010.11.076
Strang, J. F., Kenworthy, L., Daniolos,
P., Case, L., Wills, M. C., Martin,
A., et al. (2012). Depression and
anxiety symptoms in children and
adolescents with autism spectrum
disorders without intellectual dis-
ability. Res. Autism Spectr. Disord.
6, 406–412. doi:10.1016/j.rasd.2011.
06.015
Sugranyes, G., Kyriakopoulos, M., Cor-
rigall, R., Taylor, E., and Frangou, S.
(2011). Autism spectrum disorders
and schizophrenia: Meta-analysis of
the neural correlates of social cog-
nition. PLoS ONE 6:e25322. doi:10.
1371/journal.pone.0025322
Tan, G. C., Doke, T. F., Ashburner,
J., Wood, N. W., and Frackowiak,
R. S. (2010). Normal variation
in fronto-occipital circuitry and
cerebellar structure with an autism-
associated polymorphism of CNT-
NAP2. Neuroimage 53, 1030–1042.
doi:10.1016/j.neuroimage.2010.02.
018
Travers, B. G., Adluru, N., Ennis, C.,
Tromp do, P. M., Destiche, D.,
Doran, S., et al. (2012). Diffusion
tensor imaging in autism spectrum
disorder: a review. Autism Res. 5,
289–313. doi:10.1002/aur.1243
Uher, R., and Rutter, M. (2012).
Basing psychiatric classifica-
tion on scientific foundation:
problems and prospects. Int.
Rev. Psychiatry 24, 591–605.
doi:10.3109/09540261.2012.721346
Van Essen, D. C., Drury, H. A.,
Dickson, J., Harwell, J., Hanlon,
D., and Anderson, C. H. (2001).
An integrated software suite for
surface-based analyses of cerebral
cortex. J. Am. Med. Inform. Assoc. 8,
443–459. doi:10.1136/jamia.2001.
0080443
Via, E., Radua, J., Cardoner, N., Happe,
F., and Mataix-Cols, D. (2011).
Meta-analysis of gray matter abnor-
malities in autism spectrum disor-
der: should Asperger disorder be
subsumed under a broader umbrella
of autistic spectrum disorder?
Arch. Gen. Psychiatry 68, 409–418.
doi:10.1001/archgenpsychiatry.
2011.27
Vissers, M. E., Cohen, M. X., and
Geurts, H. M. (2012). Brain connec-
tivity and high functioning autism:
a promising path of research that
needs refined models, method-
ological convergence, and stronger
behavioral links. Neurosci. Biobe-
hav. Rev. 36, 604–625. doi:10.1016/
j.neubiorev.2011.09.003
Volkmar, F. R., State, M., and Klin, A.
(2009). Autism and autism spec-
trum disorders: diagnostic issues
for the coming decade. J. Child
Psychol. Psychiatry 50, 108–115.
doi:10.1111/j.1469-7610.2008.
02010.x
Volkmar, F. R., Szatmari, P., and Spar-
row, S. S. (1993). Sex differences in
pervasive developmental disorders.
J. Autism Dev. Disord. 23, 579–591.
doi:10.1007/BF01046103
Weng, S. J., Carrasco, M., Swartz, J. R.,
Wiggins, J. L., Kurapati, N., Liberzon,
I., et al. (2011). Neural activation to
emotional faces in adolescents with
autism spectrum disorders. J. Child
Psychol. Psychiatry 52, 296–305.
doi:10.1111/j.1469-7610.2010.
02317.x
Whalley, H. C., O’Connell, G., Suss-
mann, J. E., Peel, A., Stanfield, A.
C., Hayiou-Thomas, M. E., et al.
(2011). Genetic variation in CNT-
NAP2 alters brain function during
linguistic processing in healthy indi-
viduals. Am. J. Med. Genet. B Neu-
ropsychiatr. Genet. 156B, 941–948.
doi:10.1002/ajmg.b.31241
Wilson, L. B., Tregellas, J. R., Hager-
man, R. J., Rogers, S. J., and Rojas, D.
C. (2009). A voxel-based morphom-
etry comparison of regional gray
matter between fragile X syndrome
and autism. Psychiatr Res. 174,
138–145. doi:10.1016/j.pscychresns.
2009.04.013
Wing, L. (1981). Language, social, and
cognitive impairments in autism and
severe mental retardation. J. Autism
Dev. Disord. 11, 31–44. doi:10.1007/
BF01531339
Wolff, J. J. (2013). On the emergence of
autism: neuroimaging findings from
birth to preschool. Neuropsychiatry
3, 209–222. doi:10.2217/npy.13.11
Zappella, M., Meloni, I., Longo, I.,
Hayek, G., and Renieri, A. (2001).
Preserved speech variants of the Rett
syndrome: molecular and clinical
analysis. Am. J. Med. Genet. 104,
14–22. doi:10.1002/ajmg.10005
Zeegers, M., Pol, H. H., Durston, S.,
Nederveen, H., Schnack, H., van
Daalen, E., et al. (2009). No dif-
ferences in MR-based volumetry
between 2-and 7-year-old children
with autism spectrum disorder and
developmental delay. Brain Dev.
31, 725–730. doi:10.1016/j.braindev.
2008.11.002
Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.
Received: 17 July 2013; accepted: 13 Octo-
ber 2013; published online: 30 October
2013.
Citation: Lenroot RK and Yeung PK
(2013) Heterogeneity within autism
spectrum disorders: what have we
learned from neuroimaging studies?
Front. Hum. Neurosci. 7:733. doi:
10.3389/fnhum.2013.00733
This article was submitted to the journal
Frontiers in Human Neuroscience.
Copyright © 2013 Lenroot and Yeung.
This is an open-access article distributed
under the terms of the Creative Com-
mons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the origi-
nal author(s) or licensor are credited and
that the original publication in this jour-
nal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.
Frontiers in Human Neuroscience www.frontiersin.org October 2013 | Volume 7 | Article 733 | 16
